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Abstract
The 3 dimensional printing (3DP), called to additive manufacturing (AM) or rapid
prototyping (RP), is emerged to revolutionize manufacturing and completely transform how
products are designed and fabricated. A great deal of research activities have been carried out to
apply this new technology to a variety of fields. In spite of many endeavors, much more research
is still required to perfect the processes of the 3D printing techniques especially in the area of the
large-scale additive manufacturing and flexible printed electronics.
The principles of various 3D printing processes are briefly outlined in the Introduction
Section. New types of thermoplastic polymer composites aiming to specified functional
applications are also introduced in this section.
Chapter 2 shows studies about the metal/polymer composite filaments for fused
deposition modeling (FDM) process. Various metal particles, copper and iron particles, are
added into thermoplastics polymer matrices as the reinforcement filler. The thermo-mechanical
properties, such as thermal conductivity, hardness, tensile strength, and fracture mechanism, of
composites are tested to figure out the effects of metal fillers on 3D printed composite structures
for the large-scale printing process.
In Chapter 3, carbon/polymer composite filaments are developed by a simple mechanical
blending process with an aim of fabricating the flexible 3D printed electronics as a single
structure. Various types of carbon particles consisting of multi-wall carbon nanotube (MWCNT),
conductive carbon black (CCB), and graphite are used as the conductive fillers to provide the
thermoplastic polyurethane (TPU) with improved electrical conductivity. The mechanical
behavior and conduction mechanisms of the developed composite materials are observed in
terms of the loading amount of carbon fillers in this section. Finally, the prototype flexible
electronics are modeled and manufactured by the FDM process using Carbon/TPU composite
filaments and the FDM printer modified in Chapter 5.

vi

The mechanical properties are sensitively affected by the morphology of additive
materials such as concentration, size, type, and shape. The printing parameters such as fill
density, temperature, nozzle diameter, and layer thickness are also influential factors resulting in
changes in final properties of 3D printed objects. Thus, mechanical properties of the
thermoplastic polymers, e.g. acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA), as
a function of fill density and printing temperature are studied in Chapter 4.
Chapter 5 describes a way to modify the FDM printer for multi-material printing of
flexible composite filaments in order to make single-structured 3D electronics via FDM process.
To achieve the goals, the dual-nozzle filament extrusion system is installed to the FDM printer
and the part for filament feeding is modified in this chapter.
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Chapter 1: Introduction
A variety of 3D printing processes exist and have been used in various industries, for
example, printed electronics, medical implants, aerospace, architecture, manufacturing, fashion,
art and design, clothing, education, and so on. The processes are distinguished by the type of
materials and the processing method of materials. In this section, the contemporary 3D printing
technologies and various types of polymer-based composite materials are briefly reviewed to
account for the current state of the 3D printing technologies based on fused deposition modeling.
The most popular and widely used 3D printing technology is fused deposition modeling
(FDM) because of its reliability, simple-to-use process, and economical price. In contrast to the
other 3D printing processes, FDM requires only a heating process to extrude the materials while
the other processes use more expensive and complicated techniques such as laser sintering,
photo-curing, and electron beam melting. Although some processes, electron beam melting
(EBM) and selective laser sintering (SLS), have a purpose of metal 3D printing unlike FDM, it is
obvious that FDM printer is the best for public in terms of cost, efficiency, and accessibility.
These are the primary reasons why the FDM 3D printer possesses the largest market portion of
additive manufacturing industry today.
The FDM uses thermoplastic wires as the material, and a large number of thermoplastic
polymers can be used in the FDM 3D printing process. Here are representative materials that
compatible with FDM machines.



Acrylonitrile Butadiene Styrene (ABS)



Polylactic Acid (PLA)



Thermoplastic Polyurethane (TPU)



Polycarbonate (PC)



Polycaprolactone (PCL)



High Density Polyethylene (HDPE)
1



Low Density Polyethylene (LDPE)



Aliphatic Polyamides (Nylon)



Thermoplastic Elastomer (TPE)



Polyethylene Terephthalate (PET)



Polyvinyl Acetate (PVA)

FDM allows these filaments to be melted to below their melting temperature at a nozzle
of printers and extrudes the melted filaments on the printing plate layer-by-layer to produce the
desired 3D structure. New composite filaments have been developed for science, engineering,
and commercial purposes. More details about FDM technology and new composite materials for
FDM are interpreted in following sections.

2

1.1

OVERVIEW OF 3D PRINTING TECHNOLOGIES
3D printing begins with a computer aided design (CAD) model in the STL file format

which describes the surface geometry of a three-dimensional object by the unit normal and
vertices of the triangles. The STL files are then sliced and the digital data transferred to G-code
file which is a collection of printing paths. Using this G-code path, the 3D printer repeatedly
accumulates thin horizontal layers of materials to print a 3D object. This is an overall procedure
of 3D printing process and the process is shown schematically in Illustration 1.1.
Most of the 3D printing machines are operated by the same manner as stated above, but
the only difference between each 3D printing process is the type of material that used during
printing and the way of process to treat the materials. Six commonly used 3D printing
technologies are given below:



Stereolithography (SLA)



Inkjet



Electron Beam Melting (EBM)



Selective Laser sintering (SLS)



Micro Dispensing Deposition Write (MDDW)



Fused Deposition Modeling (FDM)

3

Illustration 1.1: Flow Chart of 3D Printing Process

4

1.1.1

Stereolithography (SLA)
In the stereolithography (SLA) process, a photopolymer or photosensitive polymer resin

that changes its properties when exposed to light, in the ultraviolet (UV) or visible region of the
electromagnetic spectrum, are used as a printing material. Commonly used photopolymers are
ABS-like resins and liquid UV curable resins. Infrared (IR) and thermosensitive resins are also
used in some SLA systems. When a laser beam is applied to a liquid photopolymer, it is cured by
photo-polymerization and then a 3D object is built as seen in Illustration 1.2. The resolution of
SLA depends on the diameter of laser beam which is normally focused to 150-300 um [1]. The
build platform can be moved vertically less than 2um by a Z-axis elevator and the scanning
speed of laser beam is under 3 m/s [2]. According to literatures, SLA has been utilized widely to
create specific models for the surgical application because of high resolution of the process,
specifically artificial organs, blood vessels, and tissues can be produced via SLA technology [39].

1.1.2

Inkjet
Inkjet has a similarity with SLA in that low-viscosity inks able to be cured under the UV

region of the electromagnetic spectrum are used as the materials. However, unlike SLA, inkjet
uses pulses formed by piezoelectric or ultrasound pressure to force droplets from the nozzles.
Illustration 1.3 describes the inkjet type 3D printing process. An elaborative 3D structure can be
printed by inkjet but it takes too long until getting a final product. The printing speed of inkjet
printing is corresponding to volume and size of drop dispensed from the nozzle. Typical inkjet
printing nozzles eject drops having volumes between 1 and 4 picoliters (10-12 L) [2]. In
accordance with Stratasys, Ltd., a manufacturer of 3D printers and 3D production systems for
office-based rapid, the thickness of each layer that can be dispensed by their inkjet nozzle of 3D
printer at once is 28um [10]. Because of the small drop size, the accuracy of the inkjet is
enhanced and this precise feature makes inkjet printing useful in a variety fields of industries

5

such as aerospace, architecture, automotive, dental, entertainment, defense, and education [1118].

1.1.3

Electron Beam Melting (EBM)
Electron beam melting (EBM) technology utilizes the small metal powders to build a 3D

metal structure as described in Illustration 1.4. The minimum layer thickness that can be
established by EBM is 50 um. The metal powders are sintered usually at ≥ 0.4 Tm (Tm; the
melting temperature) by a high energy electron beam generated in a standard electron gun [19].
Various kinds of metal and alloy powders including austenitic stainless steels (especially 316L),
titanium (Ti) alloys, and cobalt-base (Co-Cr) alloys can be used for practical application of EBM
[20, 21]. Integrations of the electron beam are relevant to the properties of powders (size,
density, chemistry, etc). Sometimes powder dispersal occurs due to complex interaction between
the electron beam and powders, in spite of this problem the printing resolution of EBM is high
enough to be adopted in aerospace, defense, and medical implant industries [22-30]. For
instance, a porous Ti-6Al-4V architecture made by EBM can be used as an orthopedic implant
[31]. EBM technology is being used to alternate traditional parts of machines such as turbine
blades in aerospace and defense industries.

1.1.4

Selective Laser Sintering (SLS)
SLS is similar with EBM technology in that it produces a 3D structure by sintering of

powder-like materials [32-36]. As shown in Illustration 1.5, the biggest difference between SLS
and EBM is the type of energy source that utilized during printing. While EBM uses electron
beam, most SLS process employs a high-power CO2 laser radiation (operating at 10.6 um
wavelength) to fuse the metal or polymeric powders [2]. Fused powder is typically built in range
of 0.1 mm to 0.3mm thickness to construct an object in layer-by-layer fashion [37]. If someone
uses EBM or SLS, it is possible to construct a 3D object including a part that floated in the air
6

without support structures. Since unfused powder located in surrounding of melted powder acts
as a support material, EBM and SLS do not require any special support materials. This is an
important feature of EBM and SLS and this unique feature is a great advantage that the EBM and
SLS technologies can offer in many applications; such as, parts of automotive and aerospace and
biomedical implants [38-46].

1.1.5

Micro Dispensing Deposition Write (MDDW)
A representative feature of micro dispensing deposition write (MDDW) is that it is able

to handle high-viscosity materials including various sizes of nanoparticles, called to nano-paste
or nano-ink having viscosity up to 1 million cP [48, 49]. Typically two different kinds of
machines are used for the 3D printing as seen in Illustration 1.6. One is the piston type dispenser,
and the other is the screw type dispenser. Both dispensers mechanically press nano-pastes to
dispense or to extrude the pastes. Several MDDW machine applies compressed air or gas into a
syringe containing a high-viscosity paste to consistently eject materials. Due to the ability of
printing high-viscosity materials such as nano metal pastes and bio degradable pastes, the
MDDW has been widely applied in printed electronics and tissue engineering industries [47-50].

1.1.6

Fused Deposition Modeling (FDM)
Unlike the further printing processes, FDM utilizes filament-shaped thermoplastics as the

printing material [51-53]. The wide ranges of thermoplastic filaments such as ABS, PLA, PCL,
PC, Nylon, TPU, HDPE, LDPE, and TPE are acceptable in FDM process [54-58]. Furthermore,
FDM can print a variety of composites filaments including wood, ceramic, metal or carbonbased particles. Detailed information about composites filaments is dealt with in a following
section. These thermoplastic polymers are physically extruded to printing plates through a heated
nozzle of the printer, and fused filament is then accumulated layer-by-layer to produce the
desired 3D structure (see Illustration 1.7). Comparing to other 3D printing processes above
7

mentioned, FDM serves relatively faster printing speed and this is referred to the thickness of
each layer. In general, the thickness of FDM is in range of 0.1 mm to 0.8 mm, whereas that of
inkjet and SLS is 0.028mm and 0.002mm, respectively. The FDM is more preferred in
education, consumer products prototyping, and entertainment fields rather than the other fields
that require exquisiteness of final products. In spite of lower resolution of FDM, the FDM is still
attractive for both amateurs and experts in terms of cost and accessibility.
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Illustration 1.2: Schematic of Stereolithography (SLA) Process

9

Illustration 1.3: Schematic of Inkjet Process
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Illustration 1.4: Schematic of Electron Beam Melting (EBM) Process

11

Illustration 1.5: Schematic of Selective Laser Sintering (SLS) Process
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Illustration 1.6: Schematic of Micro Dispensing Deposition Write (MDDW) Process
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Illustration 1.7: Schematic of Fused Deposition Modelling (FDM) Process
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Table 1.1: Overview of 3D Printing Processes
Stereolithography
(SLA)

Selective Laser
Sintering (SLS)

Electron Beam
Melting (EBM)

Fused Deposition
Modeling (FDM)

Inkjet

Micro Dispensing
Deposition Write
(MDDW)

Type of
Material

Liquid

Powder

Powder

Filament

Liquid

Paste or Liquid

Sort of
Material

Photo-curable Resin

Metal or Polymer

Metal or Alloy

Thermoplastic
Polymer

UV-curable Polymer

Metal Paste or Ink

Principle

Photo-polymerization

Sintering

Sintering
or Melting

Melting

UV-polymerization

Sintering
or Curing

Layer
Thickness

≤ 0.002 mm
(≤ 2 um)

0.1 - 0.3 mm
(100 - 300 um)

0.05 - 0.075 mm
(50 - 75 um)

0.1 - 0.8 mm
(100 - 800 um)

≤ 0.028 mm
(≤ 28 um)

0.05 - 0.1 mm
(50 - 100 um)

Application

Biomedical,
Tissue Engineering

Automotive,
Aerospace,
Tissue Engineering

Aerospace,
Defense,
Medical Implant

Clothing,
Design and Art,
Printed Electronics,
Medical Implant

Cosmetic,
Manufacturing,
Tissue Engineering,
Cell Printing

Aerospace,
Defense, Tissue
Engineering, Printed
Electronics
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1.2

OVERVIEW OF COMPOSITE FILAMENTS FOR FDM
FDM is by far the most commercialized 3D printing technology as mentioned in previous

sections. Both the general public and experts have utilized the FDM printer for various purposes
in different fields. As rapid increase in the number of FDM users, consumer’s requirements
become more complex and a demand for diversity of materials also increased. Many companies
focus on the material development for 3D printing of additive manufacturing technology and
have tried to develop a variety of composite filaments in order to fill the requisition of materials
by end-users.

1.2.1

Wood/Polymer Composite Filament
As seen in Figure 1.1, various kinds of composites have been developed by many

companies and engineers. The ColorFabb, a Dutch Producer of thermoplastic filaments [59], and
Kai Parthy, a German materials engineer and inventor [60], developed some special composite
filaments involving recycled wood fibres such as cork, bamboo, and wood. According to the
ColorFabb, the wood filaments consist of 20%-30% of wood fibres and 70%-80% of PLA [59].
These wood filaments have been printed to produce 3D objects for decorative applications rather
than engineering applications because of their atmospheric texture and color.

1.2.2

Metal/Polymer Composite Filament
The ColorFabb produced not only wood filaments but also metal/polymer composites

filaments (Figure 1.2). PLA is used as a matrix and various metal particles are filled into the
PLA matrix. The company used the copper-based alloys (Bronze and Brass) and copper particles
[59]. The most distinctive feature of the metal filaments is that a final object exhibits gloss
surface after polishing. Because of this feature, the metal filaments can be usefully applied to
make ornaments, decorations, or sculptures.
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1.2.3

Ceramic/Polymer Composite Filament
A ceramic/polymer composite filament, titled Lay-Ceramic, was developed by Kai

Parthy. The final 3D objects produced by those materials are shown in Figure 1.3. To
manufacture a ceramic object like a hardened pottery using his ceramic filament, both
debindering and sintering processes are necessary. First, a 3D printed object is heat-treated in an
oven or kiln at temperature of 250℃ to 500℃ to eliminate the binders. Then, the remaining
mineral object is sintered by heating the object up to 1200℃. Finally, the sintered object is
glazed with enamels to make it waterproof or decorative. The total shrinkage of the Lay-Ceramic
is in range of 20% to 25% once the final steps are complete [60].
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Figure 1.1: Composite 3D Objects Made by (a) BambooFill, (b) WoodFill, (c) Corkfill, and (d)
Laywoo-D3 Filaments.
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Figure 1.2: BronzeFill Filament and 3D Products
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Figure 1.3: 3D Printed Ceramics Made by a Ceramic/Polymer Composite Filament
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Chapter 2: Metal/Polymer Composite Filaments
2.1

INTRODUCTION
A great deal of studies about new thermoplastic filaments have been performed because

the FDM technique is commercialized to the general public. The technologies of FDM is already
used in a wide range of areas with various purposes. All the information that required to
manipulate the FDM printers is disclosed to the public, thus anybody can develop and use the
FDM technologies using the open-source software or electronic prototyping platform, e.g.
Arduino, Pronterface, Cura, KISSlicer, Slice3r, and so on. For these reason, many researchers
have been focusing on development of new materials rather than the modification or
development of the 3D printer in order to make the 3D printing technologies more abundant and
valuable.
Referring to research articles, a variety of metal/polymer composite filaments have been
developing as the printable materials for the FDM process. For example, Iron/Nylon,
Copper/ABS, single-walled carbon nanotube (SWCNT)/ABS, and Iron/ABS composite filaments
are fabricated and their properties are measured with an aim of enhancing the mechanical
strength of the existing thermoplastics. In some cases, surfactants and/or plasticizers are mixed
with a polymer matrix to improve the degree of dispersion of metal particle infills [61, 62].
The Iron/Nylon composite filament was manufactured by Masood and Song [61] and
they verified that the thermal conductivity of the composite is improved as increasing in both the
loading amount and size of metal particles.
The dynamic mechanical properties of Copper/ABS composites were also studied. Based
on the literature [63], the storage modulus and tangent delta of the composite increases with
copper content. Nikzad et al. [64] have investigate the development of Iron/ABS and
Copper/ABS composites to figure out the effects of metal particles on thermo-mechanical
properties. To produce the composites, they ground the ABS pellets, which are frozen by the
surrounding liquid nitrogen, using the cryogenic grinding technique to get the fine ABS powders
having a particle size of roughly 450-500 um. Then, the ABS and metal particle mixed by
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controlled centrifugal mixing method. They concluded that thermal and mechanical properties of
ABS are incorporated of metallic fillers.
Polymer/Polymer and Polymer/Ceramic composites have also been produced for
fabrication of scaffolds for tissue engineering applications. For instance, Polycaprolactone (PCL)
with hydroxyapatite (HA) or Tricalcium phosphate (TCP) composite [65], Poly (DL-lactic-coglycolic acid) (PLGA) with TCP composite [66], PCL/CaP, polypropylene (PP)/TCP [67], and
PEGT/PBT [68] composite are developed by FDM [69, 70].
In recent years, the interests about the large-scale 3D printing technologies based on the
FDM have rapidly increased. A number of the large-format extrusion 3D printers, e.g. the
BigRep ONE.2 (1100 x 1067 x 1097 mm) from BigRep [71], the 3DP1000 (1000 x 1000 x 500
mm) from 3D Platform [72], the Atlas (762 x 762 x 1219 mm) and the Hyperion (508 x 457 x
559 mm) from Titan Robotics, LTD. [73], the Rostock MAX v2 (Φ 457 x 1219 mm) from
SeeMeCNC [74], the Cheetah 3D Printer (1000 x 1000 x 1000 mm) from Hans Fouche [75],
etc., have been already developed and have been sold at the 3D printer markets. Most
manufacturers of the large-scale 3D printers recommended using heated build platform and PLA
as printing materials for the high quality of final products. The reason is that the distortion of
final 3D objects easily occurs during the FDM process. The distortion problem is getting worse
where the final products have large surface areas and highly filled density. This type of distortion
is caused by the thermal expansion of thermoplastic filaments. Although many fundamental
studies of FDM processes and materials have been carried out, there is little research that
attempts to resolve the distortion problem of materials for the large-scale 3D printing. Most
FDM printers include a heated build plate and use a specific adhesive or tape with the goal of
preventing the distortion, but these methods are still not enough to completely eliminate the
distortion of final products.
In this research, the focus is on development of metal/polymer composite filaments with
a purpose of preventing the distortion of final products concerning the largescale 3D printing. It
is assumed that the embedded metal particles, copper and iron, can deal with the distortion
22

problem because copper and iron generally show good thermal and mechanical properties as well
as the ability of surface bonding and blending with polymers. The Cu/ABS and Fe/ABS
composite filaments were produced with a various loading of metal powders which is in range of
0 to 40 wt% in order to identify the effects of metal particle content on thermo-mechanical
properties of the 3D printed products. The metal/polymer blending method of this experiment is
distinguished from the research of Nikzad et al. [64] in that the composite materials are
manufactured by a simple and cost-effective mechanical blending method without any
surfactants and complex prior preparation steps.
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2.2

MANUFACTURING OF METAL/POLYMER COMPOSITE FILAMENTS
Cu/ABS and Fe/ABS composite filaments were produced with an aim of observing the

influence of metal particle infill on thermo-mechanical properties of a 3D object printed by the
FDM process. Metal/ABS pellets with different composition of metal particles were fabricated
by a mechanical blending method prior to making the composite filaments. Spherical copper and
iron powders were used as the metal infill and ABS was used as a matrix. The average diameter
of copper particles was less than 24 um (<625 mesh, 99%; Alfa Aesar) and that of iron powders
was less than 43 um (<325 mesh, 98%; Alfa Aesar). The overall procedure to manufacture the
composite filaments is depicted in Illustration 2.1.
First, copper and iron powders were mixed with ABS pellets. The content of metal infill
was adjusted in range of 10 wt.% to 50 wt.% and then the Cu/ABS and Fe/ABS pellets were
fabricated from the mixture, and the pellets were fed into a filament extruder having a 1.75mm
nozzle in diameter [76]. The pellets finally became the Cu/ABS and Fe/ABS composite filaments
by extruding at 180℃ as shown in Figure 2.1.
The composite filaments were printed by a FDM printer (NP-Mendel, Opencreators)
including an AT90USB1286 microcontroller (Atmel 8-bit AVR RISC-based microcontroller
combines 128KB ISP flash memory) shown in Figure 2.2 [77]. A 3D object, bike-shaped key
chain, was properly printed using a nozzle of 0.4mm in diameter at print speed of 50 mm/sec.
The final product is depicted in Figure 2.3. The dimensions of the key chain were 55 x 30 x 4
mm3. This result shows that newly manufactured metal/ABS filaments are suitable to be printed
by the general FDM process.
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Illustration 2.1: Manufacturing Process of Composite Filaments
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Figure 2.1: Filament Extruder (Filastruder, United States)

26

Figure 2.2: NP-Mendel FDM Printer (Opencreators, South Korea)
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Figure 2.3: Cu/ABS Filament and 3D Object. (a) FDM Filament and (b) Bike Key Chain [100]
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2.3

TENSILE PROPERTIES
Understanding mechanical properties of 3D printed objects is vital to design 3D objects

and to develop new materials for intended use of both 3D printing machines and materials. In
this experiment, tensile specimens were printed by the FDM in order to test tensile properties of
3D objects produced from metal/ABS composite filaments. Microstructures of the fracture
surface of tensile specimens were analyzed optically and microscopically to observe the
distribution of metal particles in the ABS matrix and to see the effect of metal particles on tensile
properties with the help of a scanning electron microscope (TM-1000; Hitachi).
Engineering tensile stress and strain, and elastic modulus of the metal/ABS composites
were analyzed in this section. Engineering (or nominal) stress, σe, is defined as

𝝈𝒆 =

𝑭
𝑨𝒐

⋯ (𝟏)

and the engineering (or nominal) strain, εe, is defined as

𝜺𝒆 =

∆𝑳
𝑳𝒐

⋯ (𝟐)

where σe and εe indicate the engineering stress and strain, respectively.

Young’s modulus or elastic modulus is a mechanical property of linear elastic solid
materials and it is valuable to observe stiffness of materials. Young’s modulus defines
proportionality relationship between stress and strain in a material’s elastic deformation region,
i.e. below the yield strength, and it can be expressed by Hooke’s Law as following equation [7880],

𝑬=

𝒕𝒆𝒏𝒔𝒊𝒍𝒆 𝒔𝒕𝒓𝒆𝒔𝒔
𝝈
𝑭/𝑨𝒐
𝑭𝑳𝒐
= =
=
𝒆𝒙𝒕𝒆𝒏𝒔𝒊𝒐𝒏𝒂𝒍 𝒔𝒕𝒓𝒂𝒊𝒏 𝜺 ∆𝑳/𝑳𝒐 𝑨𝒐 ∆𝑳
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⋯ (𝟑)

where the F is the force exerted on an object under tension, the Ao is the initial crosssectional area through which the force is applied, the ΔL is the amount by which the length of
the object changes, the Lo is the initial length of the object, and the E is the Young’s modulus.

2.3.1

Measurement of Tensile Properties
A computer aided design (CAD) model of test specimens (Type IV) was designed using

SolidWorks software according to “ASTM D638-10 Standard Test Method for Tensile Properties
of Plastics” [81]. The dimensions of the tensile specimens are illustrated in Figure 2.4. Tensile
specimens were produced by FDM printing with specific printing conditions listed in Table 2.1.
The tensile test was performed using a tensile strength tester (Micro Tester 5548; Instron) with
test speed of 50 mm/min (±10%).

Table 2.1: Printing Parameters for Tensile Specimens
Nozzle Size1
(mm)

Shell Thickness2
(mm)

Print Speed3
(mm/sec)

Layer Thickness4
(mm)

Fill Density5
(%)

1.0

2.0

55

0.2

80

1

The nozzle size is diameter of printing nozzle. This is used to calculate the line width of the infill, the amount of
outside wall lines, and thickness for the wall thickness.
2
The shell thickness is thickness of the outside shell in the horizontal direction.
3
The print speed is speed at which printing happens.
4
The layer thickness is thickness of each layer.
5
The fill density is amount of materials required to fill the inside of an object. 100% - a solid part and 0% - an
empty part.
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Figure 2.4: Specific Size and Shape of Specimen for Tensile Test of Composites [100]
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2.3.2

Tensile Strength of Metal/ABS Composites
Figure 2.5 shows stress-strain curves of tensile specimens made by FDM using Cu/ABS

composite filaments. It is observed that the tensile stress of specimens decreased with increase in
loading amount of copper powders.
As implicit in Table 2.2, the maximum tensile load at break, which is called the ultimate
tensile strength (UTS), of ABS without metal particles was 45.7 MPa, and its maximum tensile
strain was nominally 8.3%. The tensile stress and strain of ABS were varied inversely with
content of copper particles. The tensile stresses were 42.0 MPa and 26.5 MPa when the copper
content was 10 wt% and 30 wt%, respectively. Comparing with ABS having no copper particles,
the tensile strain of Cu/ABS composites was relatively lower; specifically the strain was
diminished from 8.3% to 3.3%, depending on copper content.
Consistent with Cu/ABS composites, both tensile stress and strain of Fe/ABS composites
were also persistently diminished with the addition of iron powders (Figure 2.6). The values of
the maximum load at break were varied from 45.7 MPa to 36.2 MPa while the loading amount of
iron particles was raised from 0 wt% to 40 wt%.
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Figure 2.5: Stress–Strain Curves for ABS with Cu Particles [100]
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Figure 2.6: Stress–Strain Curves for ABS with Fe Particles [100]
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The decreases in tensile strength of Cu/ABS and Fe/ABS composites can be explained by
the interfacial bonding between the metal particles and the ABS matrix because the mechanical
strength of composites are closely related to the interfacial bonding between the interface of filler
particle-matrix. Therefore, it is assumed that the weak interfacial bonding between the filler
particles and the matrix is induced by loading of metal particles. This behavior of metal particles
in the polymer matrix is verified by Bigg [82] and Rusu et al. [83] arguing that addition of iron
particles leads to weaker interfacial bonding, at the interface of iron-ABS, than shear strength of
the ABS. Thus, iron filled ABS exhibits characteristics of fracture behavior of a brittle and hard
material with much lower elongation. Further, there are some predictive models to explain the
relationship between the strength of interfacial bonding and subsequent stress-strain behavior of
particle filled composites, accounting for the formation of weak bonding in the interface of the
composites [83-85]
As illustrated in Figure 2.7 and Table 2.2, the tensile modulus of metal/ABS composites
was not sensitive to the content of metal particles. However, unlike the tensile modulus, the
tensile stress and strain were more sensitively influenced by increase in metal composition (see
Figures 2.8 and 2.9).
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Figure 2.7: Tensile Modulus of Metal/ABS Composites
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Figure 2.8: Tensile Stress at Break as Changing in Loading Amount of Metal Particles
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Figure 2.9: Tensile Strain at Break as Changing in Loading Amount of Metal Particles
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Table 2.2: Tensile Properties of Metal/ABS Composites [100]
Metal
Infill

Composition
(wt%)

Tensile Modulus,
E (MPa)

Tensile Stress,
σ (MPa)

Tensile Strain,
ε (%)

None

ABS100

880.4

45.7

8.3

ABS90/Cu10

930.2

42.0

5.4

ABS70/Cu30

915.9

26.5

3.3

ABS90/Fe10

906.1

43.4

6.1

ABS70/Fe30

978.5

40.6

5.1

ABS60/Fe40

958.2

36.2

4.5

Copper

Iron
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2.4

FRACTOGRAPHY
Microstructures of fracture surface of the tensile specimens were analyzed by a scanning

electron microscope (TM-1000; Hitachi) to understand the role of metal particles in tensile
properties of metal/polymer composites. Illustration 2.2 pictorially shows microstructural
features of ductile and brittle fractures [86-97].

2.4.1

Failure Analysis of Cu/ABS Composites
Fractured tensile specimens produced by Cu/ABS composite filaments are shown in

Figure 2.10. The micrographs of fracture surface of the Cu/ABS composites observed after the
tensile test are depicted in Figure 2.11 through Figure 16. The ABS test specimen with no copper
particles exhibited features of both ductile and brittle fracture (see Figures 2.11 and 2.12). The
evidence of cleavage fracture, which is the mechanism of brittle transgranular fracture of the
ABS, is indicated as white arrows. Local areas with ridge-like patterns and fibrous fracture
surface were also observed in these Figures, which implies the ductile fracture feature. Crack
propagation direction can be known from river line patterns. Yellow circles in Figure 2.12 show
areas with river line patterns and the direction of crack propagation is indicated as the yellow
arrow.
Comparing to the ABS having no metal particles, the Cu/ABS composites showed only
the aspect of brittle fracture. Flat and cleavage fracture surface of the specimens are the most
representative evidence of brittle fracture of materials and these are indicated in following
figures (see Figures 2.13 through 2.16).
Through microscopic analysis of fracture surface of the tensile specimens, distribution of
copper particles in the ABS matrix was also observed. As seen in the Figures 2.14 and 2.16, the
metal particles were relatively well-dispersed in the matrix, yet some copper particles
agglomerated.
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More voids in cross-section of tensile specimens were observed in the ABS/Cu
(70/30wt%) composite compared with the ABS/Cu (90/10wt%) composite. These voids are
caused by lower ABS content of the ABS composite containing copper particles of 30wt%. That
is, voids in the ABS matrix led to lower the interfacial bonding, such as mechanical interlocking
and friction resulting from surface morphology, between each 3D printed layers [98], hence
these voids brought decreasing in ductility of the Cu/ABS composites. Moreover, it is assumed
that both agglomerated and well-dispersed copper particles induced some defect of tensile
specimens and disturbed cross-linking between polymer chains resulting in the weak interfacial
bonding and low tensile strength of the composites. These facts are experimentally and
numerically improved by the previous tensile test.
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Illustration 2.2: Characteristic of Ductile and Brittle Fractures Under Tensile Load

42

Figure 2.10: Fractured Cu/ABS Tensile Specimens
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Figure 2.11: Fracture Surface of ABS100wt% Observed After Tensile Test (Magnification 60x)

Figure 2.12: Fracture Surface of ABS Observed After Tensile Test (Magnification 100x)
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Figure 2.13: Fracture Surface of ABS90/Cu10 Composite Observed After Tensile Test
(Magnification 60x)

Figure 2.14: Fracture Surface of ABS90/Cu10 Composite Observed After Tensile Test
(Magnification 100x)
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Figure 2.15: Fracture Surface of ABS70/Cu30 Composite Observed After Tensile Test
(Magnification 60x)

Figure 2.16: Fracture Surface of ABS70/Cu30 Composite Observed After Tensile Test
(Magnification 100x)
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2.4.2

Failure Analysis of Fe/ABS Composites
Fractography of Fe/ABS composites was also carried out by the same manner used for

analysis of the Cu/ABS composites. Figure 2.17 shows Fe/ABS tensile specimens fractured by
tensile test and their fracture surfaces were microscopically analyzed with SEM images.
In consistent with the Cu/ABS composites, Fe/ABS composites included well-distributed
iron particles and areas with clusters of agglomerated particles in their fracture surfaces. The
aspects of brittle fracture were observed from all of Fe/ABS composites. As indicated by the
arrows in following figures, the composites exhibited transgranular cleavages and flat surfaces
where is perpendicular to direction of applied tensile load (see Figure 2.18 through Figure 2.21).
This means that fracture cracks passed through grains and propagated nearly normal to the
direction of the applied tensile load. Further, these evidences of fracture imply that cracks
propagated very rapidly with little plastic deformation and may have been responsible for the
decrease in tensile strength of metal/polymer composite materials which are printed by the FDM.
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Figure 2.17: Fractured Fe/ABS Tensile Specimens
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Figure 2.18: Fracture Surface of ABS90/Fe10 Tensile Specimen (Magnification 300x)

Figure 2.19: Fracture Surface of ABS70/Fe30 Tensile Specimen (Magnification 300x)
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Figure 2.20: Fracture Surface of ABS60/Fe40 Tensile Specimen (Magnification 300x)

Figure 2.21: Fracture Surface of ABS50/Fe50 Tensile Specimen (Magnification 300x)
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Another reason why the maximum tensile stress and strain of Fe/ABS composites
decreased with increase in loading amount of iron particles can be explained in terms of content
of ABS. As decreasing the total amount of ABS used for 3D printing, i.e. with higher metal
content, more vacant areas in the composites were created during the FDM printing process. This
increment of vacancies in the tensile specimens are visually confirmed in Figure 2.22 through
Figure 2.26. In conclusion, these vacancies lowered the mechanical interlocking and friction
between each 3D printed layer and this weakened adhesion between layers became a major cause
that reduced the ability of resistant to tensile load of Fe/ABS composites.
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Figure 2.22: Fracture Surface of Tensile Specimen, ABS100 in wt% (Magnification 60x)
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Figure 2.23: Fracture Surface of Tensile Specimen, ABS90/Fe10 in wt% (Magnification 60x)

Figure 2.24: Fracture Surface of Tensile Specimen, ABS70/Fe30 in wt% (Magnification 60x)
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Figure 2.25: Fracture Surface of Tensile Specimen, ABS60/Fe40 in wt% (Magnification 60x)

Figure 2.26: Fracture Surface of Tensile Specimen, ABS50/Fe50 in wt% (Magnification 60x)
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2.5

THERMAL PROPERTIES
When the materials are heated up at the end nozzle of a FDM printer, its volume change

occurs, typically the volume of most materials increased by heating. This phenomenon is called
thermal expansion. Obviously, the expanded material goes back to its original volume when
cooled. This results in distortion of a final product, if the FDM process with a use of
thermoplastic polymer fabricates the product. This distortion is one of the huddles to be
overcome for the large-scale application of the FDM technology.
It was expected that addition of metal particles showing lower coefficient of thermal
expansion and higher thermal conductivity could relieve the rate of contraction of thermoplastics
caused by cooling. This is experimentally examined in this section. ABS and copper particles
were used as a matrix and metal infill respectively to produce a thermally improved composite
filament. Test specimens were modeled in digital CAD and fabricated by FDM.

2.5.1

Measurement of Thermal Properties
The coefficient of thermal expansion (CTE) and heat capacity (Cp) of test specimens

were measured by using a thermo-mechanical analyzer (TMA Q400; TA instruments) and
differential scanning calorimeter (DSC Q1000; TA instruments), respectively. As shown in
Figure 2.27, the test specimens were printed by a FDM printer (NP-Mendel, Opencreators) with
dimensions of 10mm x 10mm x 1mm and were heated in the TMA furnace to 120℃ at a rate of
10℃/min.
Thermal conductivity was also measured using an LFA 447 NanoFlash (NETZSCH
Instruments). The samples cut into 10 mm x 10 mm squares with thickness in range of 1-2 mm
and then they were coated by gold and graphite spray for testing. The environment temperature
was constant to 25 ± 0.5℃. A Xenon flash lamp discharged a pulse at the sample’s lower surface
while the infrared detector measured increase in the temperature of the top surface of the sample.
Obtained data points were processed to estimate thermal diffusivity of the sample.
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Figure 2.27: Test Specimens for Thermal Property Analysis of Cu/ABS Composites
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2.5.2

Coefficient of Thermal Expansion (CTE)
Thermal expansion is the tendency of material to change in shape, area, and/or volume in

response to a change in temperature. Most solids expand when they are heated and contract as
temperatures decrease. This response to temperature change is explained as its coefficient of
thermal expansion (CTE). The CTE can be calculated by the following equation and varies with
temperature.

𝑪𝑻𝑬 =

𝑻𝒉𝒆 𝑫𝒆𝒈𝒓𝒆𝒆 𝒐𝒇 𝑬𝒙𝒑𝒂𝒏𝒔𝒊𝒐𝒏 𝒅𝑽 𝟏
=
∙
𝑪𝒉𝒂𝒏𝒈𝒆 𝒊𝒏 𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆
𝑽 𝒅𝑻

⋯ (𝟒)

In the general case, the volumetric coefficient of thermal expansion, 𝛼𝑉 , is given by:

𝜶𝑽 =

𝟏 𝜕𝑽
( )
𝑽 𝜕𝑻 𝒑

⋯ (𝟓)

The p indicates that the pressure in held constant during the expansion. For a solid, the
effect of pressure on the material can be neglected. Thus, the volumetric thermal expansion
coefficient of a solid can be expressed as following:

𝜶𝑽 =

𝟏 𝒅𝑽
( )
𝑽 𝒅𝑻

⋯ (𝟔)

where V is the initial volume of the material, and dV/dT is the rate of change of that
volume with temperature.

ABS is a solid and expands in response to heating, so the Equation 6 can be used to find
its CTE values. In this experiment, the CTE of 3D printed specimens was measured to observe
the effect of copper particle infill on the CTE of ABS. As seen in Figure 2.28, the CTE of the
specimens was continuously decreased as the loading amount of copper particles increased.
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The values in Table 2.3 are the CTE of Cu/ABS composites. The CTE was reduced from
108.2 ppm/℃ to 76.2 ppm/℃ when content of copper particles increased from 0 wt.% to 50
wt.%. Consequently, the CTE of the specimen diminished to 29.5% of bulk ABS when 50 wt.%
of copper particles was added into the ABS matrix. It is proved that the additions of copper
particles into ABS have a positive effect on reducing thermal expansion of ABS.
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Table 2.3: Coefficient of Thermal Expansion as Change in Content of Copper Particles [100]
Cu Content
(wt%)

0

10

30

50

CTE
(ppm/℃)

108.2

93.2

78.7

76.2
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Figure 2.28: Coefficient of Thermal Expansion (CTE) of Cu/ABS Composites [100]
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2.5.3

Thermal Conductivity of Cu/ABS Composites
In this section, the thermal conductivity of Cu/ABS composite materials was found, and

the effect of copper particles infill on thermal conductivity of ABS is discussed. According to
literatures, it is known that the size of filler particles affects the thermal conductivity of
composite materials. In particular, a metal/polymer composite filled with the coarse metal
particles exhibits higher thermal conductivity compared to that filled with the fine metal particles
[62]. However, the size effect of copper particles on thermal conductivity of ABS is not
considered in this experiment. The size of copper particles was fixed to <24um in diameter. The
thermal diffusivity, heat capacity, and density of the materials were measured and the values are
used to calculate the thermal conductivity of the final 3D objects manufactured by Cu/ABS
composite filaments. The theoretical density, ρth, of composites is calculated by the equation
[99],

𝝆𝒕𝒉 = 𝝆𝑪𝒖 𝑽𝑪𝒖 + 𝝆𝑨𝑩𝑺 𝑽𝑨𝑩𝑺

⋯ (𝟕)

where ρth is the theoretical density of the composites, ρCu is the density of copper
particles, ρABS is the density of ABS, VCu is the volume percentage of copper particles, and VABS
is the volume percentage of ABS. The values are noted in Table 2.4.
By using the values, the thermal conductivity of the Cu/ABS composites was calculated
from the equation:

𝒌 = 𝜶𝝆𝑪𝒑

⋯ (𝟖)

where k implies the thermal conductivity (W/mK), and α is the thermal diffusivity
(mm2/s), and ρ is the density of material (g/cm3), and Cp indicates the heat capacity (J/g∙℃).
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Table 2.4: Thermal Diffusivity, Specific Heat, and Density of Cu/ABS Composites [100]

Composition (wt%)
Composite

Thermal Diffusivity,
α (mm2/s)

Specific Heat,
Cp (J/g∙℃)

Density of Composite (g/cm3)
Theoretical Density,
ρth

Apparent Density,
ρap

1.404

1.04

1.0

0.124

1.248

1.14

1.0

30

0.160

1.038

1.41

1.2

50

0.166

0.820

1.86

1.6

ABS

Copper*

100

0

0.110

90

10

70
50

Cu/ABS

*

Density of copper particles is 8.96 g/cm3
Diameter of copper particles is less than 24um (<625 mesh)

*
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Figure 2.29 shows the theoretical and empirical thermal conductivity of Cu/ABS
composites listed in Table 2.5. Comparing with the theoretical thermal conductivity, the values
of empirical thermal conductivity are relatively lower. This results by the difference between
theoretical density and apparent density of the composite filaments. The apparent density of the
Cu/ABS composites is slightly lower than the theoretical density of those because some micro
pores can be trapped in the composites during both mixing and printing processes and the
distribution of copper particles in ABS matrix is random.
As depicted in Figure 2.29, the thermal conductivity of ABS gradually increased from
0.646 W/mK to 0.912 W/mK when the loading amount of copper infill was raised from 0 wt.%
to 50 wt.%. In particular, the thermal conductivity was improved by approximately 41% with use
of 50 wt.% of copper particles. Consequently, it is proved that the thermal conductivity of ABS
can be improved by increase in content of copper particles. This result can be applied for not
only Cu/ABS composite but also any metal/thermoplastics composites. This means that the use
of metal/polymer composites filaments in the FDM process can be one of the solutions to restrict
the distortion of thermoplastic polymers caused by thermal expansion during FDM printing. That
is, metal/polymer composite filaments can be helpfully utilized for large-area 3D printing of
FDM and will provide the opportunity to manufacture large-scale 3D electromagnetic structures,
such as antennas, with no distortion of the final product.
However, addition of metal particles into thermoplastic polymers affects the mechanical
properties (hardness, tensile and compressive strength, and flexibility) and printability of
composite filaments. Therefore, the maximum loading amount of metal particles should be
properly adjusted by considering purpose of use of a final product to retain good stability and
quality of a final 3D object.
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Figure 2.29: Theoretical and Empirical Thermal Conductivity of Cu/ABS Composites [100]

64

Table 2.5: Thermal Conductivity of Cu/ABS Composites [100]
Content of Cu Particles
(wt%)

0

10

30

50

Theoretical Thermal Conductivity
(mW/K)

0.672

0.740

0.982

1.062

Empirical Thermal Conductivity
(mW/K)

0.646

0.648

0.834

0.912
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2.6

DUROMETER HARDNESS (SHORE HARDNESS)
Illustration 2.3 schematically shows scales that establish a common point of reference for

comparing materials [101-105]. Durometer, an international standard test method, has been
commonly used to measure the hardness of material or to estimate the relative resistance to
permanent indentation, in the case of polymers, elastomers, and rubbers. The durometer
measures ability to deflect the indenter, or the depth of indentation, and it is typically used as a
device for standard rubber industry testing.
There are two types of standard ASTM D2240 hardness/durometer scales for rubber-like
materials, Shore A (flat cone shaped indenter) and Shore D (pointed cone shaped indenter) [106].
Low values indicate softer materials and high values indicate harder materials. While Shore A is
used for soft or medium hard rubber and plastics having hardness in range from 0 to 100, Shore
D indenter is used for harder rubber and plastics. In fact, Shore D is more accurate on elastomers
harder than Shore A hardness of 90 HA. Three commonly used indenters are noted below:



Shore 00: Measures light foams, sponge rubber and gels that are very soft.



Shore A: Measures soft rubber, plastics and rubber-like elastomers e.g. TPU.



Shore D: Measures hard rubber, plastics and thermoplastics e.g. ABS and PLA.

66

Illustration 2.3: Shore Hardness Scales. Illustration adapted from Ref. 101 & 102.

.
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2.6.1

Shore Hardness Test
Durometer hardness which is also known as Shore hardness of the material is one of the

most important property that helps determine the suitability of a rubber or a polymer product for
its intended use. In this section, Shore hardness of test specimens were measured by a digital
Shore hardness tester, called to durometer, using “ASTM D2240-05 Standard Test Method for
Rubber Property - Durometer Hardness [106].” Scale D indenter was chosen to analyze the
Shore hardness of 3D printed objects produced by FDM with Metal/ABS composite filaments.
Dimensions of the indenter in mm used for the testing are shown schematically in Figure 2.30.

2.6.2

Effect of Metal Particle Infill on Hardness
Shore D hardness of test specimens 3D printed with metal/ABS composite filaments was

measured using a durometer having scale D indenter and Young’s modulus, is called to elastic
modulus, of the composites were attained from the Equation 9. The following equation
represents the linear relation between the ASTM D2240 and elastic modulus [107-109].
𝑺
𝒇𝒐𝒓 𝟐𝟎 < 𝑺𝑨 < 𝟖𝟎
𝒍𝒐𝒈 𝑬 = 𝟎. 𝟎𝟐𝟑𝟓𝑺 − 𝟎. 𝟔𝟒𝟎𝟑; 𝑺 = { 𝑨
𝑺𝑫 + 𝟓𝟎 𝒇𝒐𝒓 𝟑𝟎 < 𝑺𝑫 < 𝟖𝟓

⋯ (𝟗)

where SA is the Shore A hardness, SD is the Shore D hardness, and E is the Young’s
modulus in MPa. Calculated elastic modulus and measured Shore hardness of Cu/ABS and
Fe/ABS composite materials were summarized in Table 2.6.
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Figure 2.30: Durometer Indenters for Shore D Hardness Test
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Table 2.6: Shore D Hardness and Young’s Moduli of Metal/ABS Composites

Composite
ABS
Cu/ABS

Fe/ABS

Composition (wt%)

Young’s Modulus
(MPa)

Copper

ABS

Shore Hardness
(HD)

0

100

84.5

12.4

10

90

86.4

13.0

30

70

87.4

13.3

10

90

85.7

12.8

30

70

87.0

13.2

40

60

87.5

13.3

50

50

87.9

13.5
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Improvement of Shore hardness of Cu/ABS and Fe/ABS composite materials were
observed in both cases as implicit in Figure 2.31. The range of hardness changed was not
significant but it is obvious that metal infills lower the hardness of the composites. Shore D
hardness of composites was in range of 84.5 HD and 87.9 HD when iron particle infill increased
from 0 wt% to 50 wt%. Similar to Fe/ABS composites, the hardness of Cu/ABS composites was
86.4 HD and 87.4 HD respectively when 10 wt% and 30wt% of copper particles were added to
the ABS matrix.
It was observed that elastic modulus of metal/ABS composites is affected by metal
particle infills as shown in Figure 2.32. In fact, elastic moduli of the composites were elevated as
well as Shore hardness does.
As noted above, Young’s moduli or elastic moduli of metal/ABS composites gradually
increased with rise in content of metal particles in the ABS matrix. A higher value of elastic
modulus indicates more rigid material, i.e. more stress is necessary for producing a given amount
of strain. Correspondingly, it is confirmed that metal particles have a positive effect on
improving stiffness of the ABS. This result implies metal particles play important role in
mechanical properties of Cu/ABS and Fe/ABS composites to provide the ABS matrix with
resistance of indentation force. Therefore, it is expected that metal particle filled ABS composite
filaments will properly be applied to 3D manufacturing fields requiring fabrication of a product
having resistance of compressive stress with reinforced hardness of the composite materials.
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Figure 2.31: Shore D Hardness of Fe/ABS and Cu/ABS Composites
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Figure 2.32: Young’s Modulus of Metal/ABS Composites
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2.6.3

Effect of Size of Metal Particles on Hardness of Composites
The degree of improvement of elastic modulus of the metal/ABS composites is related to

the size of metal particles as depicted in Figures 2.33 and 2.34. When the same volume (1.35%
in volume) and shape (spherical) of metal particles were filled to the ABS matrix, higher values
of Shore hardness and Young’s modulus of the composites were observed with smaller particle
infill (<625 mesh in diameter) in contrast to those of metal/ABS composites filled with larger
particle infill (<325 mesh in diameter). Figures 2.35 and 2.37 are characteristic of metal particles
used as the fillers in terms of size and shape. As the results of study, it is concluded that smaller
metal particles are better than larger metal particles in terms of hardness improvement of a
metal/ABS composite for its intended use in 3D printing industries.
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Figure 2.33: Shore D Hardness of Composites as a Function of Particle Size
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Figure 2.34: Young’s Modulus as Changing in Particle Size
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Figure 2.35: SEM Image of Copper Particles (<625 mesh, 99%)
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Figure 2.36: Particle Size Distribution of Copper Particle (<625 mesh, 99%, d50: 0.3 um)
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Figure 2.37: SEM Image of Iron Particles (<325 mesh, 98%)
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Figure 2.38: Particle Size Distribution of Iron Particle (<325 mesh, 98%, d50: 5.0 um)
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2.7

CONCLUSION
Through this study, it is confirmed that metal particle infill increases the ability of

resistance to permanent indentation of the ABS matrix. It can be deduced that the role of metal
particles will be the same not only in ABS but also in the other polymers such as PLA, PC, and
HDPE that are used for FDM printing. It is also documented that the compressive strength of a
bulk ABS specimen fabricated by the FDM is commonly higher than its tensile strength.
According to literatures, the tensile strength of an ABS specimen produced by FDM is roughly
66% of its compressive strength [52]. Specifically, the compressive strength of a bulk ABS range
from 65 MPa to 90 MPa whereas its tensile strength range from 32 to 45 MPa [110].
It can be concluded that the use of metal particle infill lowers the tensile strength of ABS
resulted from weak interfacial bonding between the metals and polymer matrix while hardness
and thermal conductivity of ABS increased by adding the metal infill. These results imply that
the metal/ABS composite filaments are better to make a 3D object requiring resistance of
compressive force than to print an object requesting the ability of resistance to tensile load with
an aim of restricting distortion caused by thermal expansion of materials. Consequently,
metal/polymer composite filaments can be properly adapted in FDM industries for large-scale
3D printing in terms of improved hardness and thermal properties.
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Chapter 3: Carbon/Polymer Composite Filaments
3.1

INTRODUCTION
3D printing (3DP), which is called rapid prototyping (RP) or additive manufacturing

(AM), is an innovative technology which can produce any complex and functional structures in
simplified methods. The 3D printing has been expected as a technology which can change
traditional manufacturing processes. In early stage of development of 3D printing techniques,
only one type of material could be printed by a certain printing process. Ever since, as the 3D
printing technology have become more advanced, development of more complex processes and
new materials having multi-functions have been focused by researchers and engineers in a
variety of fields.
For example, Espalin et al. have developed the full wire embedding process to construct
conductive copper patterns on the thermoplastic polymer substrates [111]. The copper wire
interconnections were built by a copper wire melting via applying an electrical current through
the wire, called joule heating method. This study provides a valuable technical meaning for the
manufacturing of fully 3D printed electronics; however, the process is not fully matured and has
a limitation to the choice of substrates because the joule heating method is suitable for only
planar substrates.
To succeed fabrication of 3D printed electronics, researchers have attempted to integrate
the two or more printing processes. Lopes et al. have combined stereolithography (SL) and direct
print (DP) technologies to fabricate 3D electronics with embedded electronic circuits [112]. They
built conducive lines for electronic connections by dispensing of silver inks via a direct printing
process and construct 3D structures by the FDM technique.
Similar to their study, most of 3D electronics that developed by 3D printing processes
consist of conductive wires, made up of valuable metal inks or pastes, for electric connections
and a plastic body constructed by 3D printing processes [113-124]. In these cases, the laser
melting system is necessarily required for sintering of printed metallic inks, leading to complex
and expensive characteristics of an entire process.
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Hence, some researchers have tried to develop more simple and cost-effective 3D
printing processes using FDM [125]. As discussed previously, FDM is the most simple and
economical process comparing the other 3D printing processes. Leigh et al. have constructed 3D
electronic sensors using conductive composite materials and FDM technique [126]. The
polycaprolactone and carbon black (PCL/CB) composite especially used in their research.
Recently, the development of ABS-based or PLA-based conductive composite filaments
consisting of conductive carbon fillers for FDM began [127-129]. According to the information
that provided from the manufacturers, the conductive composite filaments have the volume
resistivity in range of 101 to 102 ohm-cm. In case of a graphene/PLA filament from
BLACKMAGIC3D, the volume resistivity is approximately 6 x 10-1 ohm-cm [129].
There is many fundamental research relevant to carbon/polymer composite materials.
Some studies have improved the relationship between CNT and properties of composites.
Mechanical behavior, conductivity, and thermal properties of the composites have been
interpreted in terms of size, shape, type, and concentration of the CNT [130-149]. In General, it
is verified that CNT has good effects on enhancing the final performance of the composites,
especially, the aligned-CNT is more effective to significantly improve the mechanical properties
of the composites and reduce the percolation threshold.
The research that used the carbon black or graphite as a filler also has been conducted to
figure out the effects of the filler on mechanical, electrical, and dielectric properties of
composites. Generally, the carbon black and graphite played an important role in increasing the
conductivity, hardness, elastic modulus, etc. which are dependent on the alignment, dispersion,
size, shape, and content of filler particles [150-165].
The numerous research has been carried out to fabricate the 3D optics or 3D electronics
via 3D printing technologies [166-174]. In spite of the many endeavors, little accomplishments,
which are related to fully 3D printed processes for the manufacturing of electronic devices via a
simple and cost-effective way, are acquired. Thus, more endeavors attempt to provide
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fundamental information and to develop new functional materials for manufacturing of
electronic devices are essentially required.
For the purpose of an electronic application, the polymer/carbon composite filaments
showing conductive and flexible features were fabricated by simple and cost-effective process.
Any surfactants and precious metallic inks are not used for the composite filaments. The effects
of carbon fillers on the variation of electrical conductivity, hardness, and tensile strength of the
composites were then verified and discussed in this chapter. Lastly, the prototype 3D structures
for flexible 3D electronics have been fabricated by using the conductive carbon/polymer
composite filaments and a modified FDM printer consisting of a dual extruding nozzle.
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3.2

MANUFACTURING OF FLEXIBLE, CONDUCTIVE FILAMENTS

3.2.1

Machine and Materials
Thermoplastic polyurethane (TPU) and carbon composite filaments were produced with

an aim of printing flexible electronic structures using the FDM technique. TPU is a type of
thermoplastic elastomers consisting of linear segmented block copolymers which are consist of
blocks of different polymerized monomers [175]. In particular, both high polarity segments (hard
segments) and low polarity segments (soft segments) are linked together by covalent bond in
TPU’s block-structures (see Illustration 3.1). TPU exhibits transparency, elasticity, and
resistance to abrasion and oil, hence TPU has many applications including automotive
instrument panels, power tools, sport equipment, and medical devices [175]. Due to its elasticity,
TPU was used as the matrix for manufacturing of flexible, conductive filaments. Conductive
fillets consisting of carbon chain, such as multiwall carbon nanotube (MWCNT) from Carbon
Nano-material Technology Co. Ltd., graphite (G) from Sigma Aldrich, and conductive carbon
black (CCB) called Ketjenblack EC-600JD from AkzoNobel, were added into TPU by
mechanical blending method. Each fillet has different shape and size as seen in Figures 3.1, 3.2,
and 3.3.
First, mechanically blended TPU/Carbon composite pellets were produced and then those
were transferred to filament form with 1.75 mm in diameter by a newly manufactured filament
extruder (see Figure 3.4). Framework of the filament extruder was constructed with T-slotted
aluminum frames to keep applied pressure in the machine constant. Extruding temperature range
was 200-230℃ and extrusion speed was kept constant in 6 RPM. Fabricated TPU/C composite
filaments are shown in Figure 3.5.
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Illustration 3.1: Structure of Thermoplastic Polyurethane (TPU)
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Figure 3.1: SEM Image of Multiwall Carbon Nanotubes (MWCNT) [213]
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Figure 3.2: SEM Image of Conductive Carbon Black (CCB) [213]
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Figure 3.3: SEM Image of Graphite [213]
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Figure 3.4: Filament Extruder for Composite Filament Manufacturing
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Figure 3.5: TPU/Carbon Composite Filaments (1.75mm in Diameter) [213]
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3.2.2

Printability of Carbon/TPU Composite Filaments
Before testing mechanical properties, the printability of TPU/C composite filaments was

tested and the optimum parameters for the FDM process were obtained. A commercial FDM
printer consisting of a 0.4 mm nozzle in diameter was used for the printability test. Some
problems, a clogging of nozzle by the carbon fillers and an unsuitable feeding of filaments into
the nozzle, were observed. The problems were dealt with the modification of parts, specifically,
the printing nozzles were enlarged in range of 0.8 – 1.0 mm and a filament guide pipe was
mounted to the extruder (see Figure 3.6). Lastly, the 3D structures which is made up of TPU/C
composites were designed, and then formulated by the FDM technique. As depicted in Figures
3.7 and 3.8, the manufactured filaments and 3D objects were flexible and the fact that the TPU/C
composites produced by the mechanical blending method are proper to maintain a threedimensionally structure without any distortions and defects of the material is verified through the
printability test.
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Figure 3.6: Modified Filament Extrusion System of FDM Printer. (a) Before Modification and
(b) After Modification
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Figure 3.7: TPU/CNT10wt% Composite Materials. (a) Filament, (b) Hollow Cylinder, and (c)
Logo of PNE Lab [213]
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Figure 3.8: Flexible 3D Printed PNE Logo Made Up of TPU/G14wt% Filament [213]
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3.3

ELECTRICAL CONDUCTIVITY

3.3.1

Machine and Procedure of Electrical Conductivity Test
Specimens for surface resistivity test were printed by FDM with various printing

parameters as listed in Table 3.1. The dimensions of test specimen were 63ⅹ10ⅹ1 mm (WⅹL
ⅹT). The resistivity of device under tests (DUTs) was then measured by the four-point probe
method with a resistivity tester (Loresta-GP MCP-T610, Mitsubishi Chemical) [176-178]. The
diameter of each probe was 0.74 mm, and the distance between the probes were constant in 5.0
mm (see Figure 3.9).

Table 3.1: Printing Parameters for Resistivity Test Specimens
Nozzle
Diameter
(mm)

Shell
Thickness
(mm)

Printing Speed
(mm/sec)

Layer
Thickness
(mm)

Printing
Temperature
(oC)

Fill Density
(%)

1.0

1.0

5.0

0.2

230 (±5)

100

Illustration 3.2 shows the schematic of four-point probe test setup and equipment for
resistivity test, respectively. In four-point probe method, the voltage potential, V, adjacent to a
probe carrying current is given by:

𝑽=

𝝆𝒔 𝑰
𝟐𝝅𝒓

⋯ (𝟏𝟎)

where ρs is the surface resistivity of a materials of semi-infinite size, I is the current in
the probe, and r is the distance between the voltage probe and the current probe [179-182]. The r
can be substituted to 1/(r1-r4), hence,

𝑽=

𝝆𝒔 𝑰
𝟏
(
)
𝟐𝝅 𝒓𝟏 − 𝒓𝟒
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⋯ (𝟏𝟏)

where the r1 is the distance from probe number 1 and r4 is the distance from probe
number 4.
If the distance between the each proves is S1, S2, and S3, respectively as seen in
Illustration 3.2, the voltage at prove number 2 is

𝑽𝟐 =

𝝆𝒔 𝑰 𝟏
𝟏
{( ) − (
)}
𝟐𝝅 𝑺𝟏
𝑺𝟐 + 𝑺𝟑

⋯ (𝟏𝟐)

and the voltage at probe number 3 is

𝑽𝟑 =

𝝆𝒔 𝑰
𝟏
𝟏
{(
) − ( )}
𝟐𝝅 𝑺𝟏 + 𝑺𝟐
𝑺𝟑

⋯ (𝟏𝟑)

The total voltage Vt can be expressed as

𝑽𝒕 = 𝑽𝟐 − 𝑽𝟑

⋯ (𝟏𝟒)

i.e.

𝑽𝒕 =

𝝆𝒔 𝑰 𝟏
𝟏
𝟏
𝟏
{( ) + ( ) − (
)−(
)}
𝟐𝝅 𝑺𝟏
𝑺𝟑
𝑺𝟐 + 𝑺𝟑
𝑺𝟏 + 𝑺𝟐

⋯ (𝟏𝟓)

Therefore, the resistivity is

𝝆𝒔 =

𝟐𝝅𝑽𝒕 𝟏
𝟏
𝟏
𝟏
{( ) + ( ) − (
)−(
)}
𝑰
𝑺𝟏
𝑺𝟑
𝑺𝟐 + 𝑺𝟑
𝑺𝟏 + 𝑺𝟐

If the electrode spacing is equal to s, the equation can be simplified to
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⋯ (𝟏𝟔)

𝑽
𝝆𝒔 = 𝟐𝝅𝒔 ( )
𝑰

⋯ (𝟏𝟕)

Since the measurements are derived on infinite sized areas, resistivity correction factors
(RCF) should be used based on the sample geometry if the sample has a finite surface area. The
RCF depends of the thickness of sample, edge effects, thickness effects, and the location of the
probe on the sample [180-183]. Therefore, the surface resistivity of a sample having a small
surface area is
𝑽
𝝆𝒔 = 𝟐𝝅𝒔𝑭 ( )
𝑰

⋯ (𝟏𝟖)

where F indicates the RCF. The RCF for resistivity test specimens was obtained from the
resistivity tester, and the values was 1.948.
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Figure 3.9: 4-Point Probes for Conductivity Test. (a) Conductivity Meter and (b) Electrode of 4Point Probes

99

Illustration 3.2: Pictorial Diagram of Four-Point Probe Test Setup [213]
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3.3.2

Electrical Conductivity of Carbon/TPU Composites
As previously stated, the sheet resistivity of TPU/C composites was measured via four-

point probe test method. Volume resistivity of the composites was then calculated from the sheet
resistivity and thickness of test specimens. The volume resistivity is

𝝆𝒗 = 𝝆𝒔 × 𝒕

⋯ (𝟏𝟗)

where ρv is the volume resistivity in ohm-cm, ρs is sheet resistivity in ohm/sq, and t is
thickness in cm. Finally, the conductivity of TPU/Carbon composites was found in S/cm. The
conductivity, σ, is reciprocal to the volume resistivity. That is,

𝝈=

𝟏
𝝆𝒗

⋯ (𝟐𝟎)

Mono Particle Distribution System
Increases in electrical conductivity of TPU/CNT and TPU/CCB composites were
obtained with increased quantity of each carbon filler in the mono particle distribution system.
As implicated in Figure 3.10 shows the conductivity changes of the TPU/C composites as a
function of content of carbon fillers. Both composite materials, TPU/CNT and TPU/CCB, were
not conductive when the loading amount of CNT and CCB was lower than 6 wt%. However,
when the composition of carbon fillers exceeded 8 wt%, the electric conductivity of the
composites was rapidly increased. This behavior of TPU/C composites can be explained by the
percolation theory. It is announced that the composite behaves like a conductor when the amount
of conductive particles is higher than a specific value which is percolation threshold (φc) whereas
the composites become an insulator when the loading amount of conductive filler is less than the
percolation threshold value. Therefore, it can be assumed that the percolation threshold of CNT
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and CCB in the TPU matrix exists in range of 8-10wt%. Attained values of the volume resistivity
and conductivity of the composites are listed in Table 3.2.

In contrast to the TPU/CNT and TPU/CCB composites, the TPU/G composite behaved
like an insulator when the loading amount of graphite was increased up to 50wt%. This aspect
can be interpreted with the size and shape of graphite particles. As shown in Figure 3.3, the
graphite has the large aspect ratio and larger size comparing to CNT and CCB particles.
Therefore, in the TPU matrix, the graphite particles were aligned along the direction of extrusion
during the FDM printing but the graphite particles did not touch each other. The conductive
paths thus were not built in the matrix.
Difference of surface energy between top/bottom planes and side planes was so large,
thus the particles were not randomly arranged resulting in a failure to build conductive paths
[154]. Consequently, the uniform dispersion of the graphite particles in the TPU by good affinity
between the hydrophobic surfaces of the graphite and non-polar oligomeric ether or ester chain
of TPU results in no conduction paths in the composites. The suggested model of conductive
paths construction is schematically described in Illustration 3.3(a).
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Figure 3.10: Effect of Carbon Infills on Electric Conductivity of Composites [213]
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Table 3.2: Volume Resistivity and Conductivity of TPU/CNT and TPU/CCB Composites in
Mono Particle Distribution System [213]
Conductive
Filler

CNT

Composition (wt%)
TPU

Carbon Filler

Volume Resistivity Conductivity
(Ω-cm)
(S/cm)

94

6

-

-

Nonconductive

92

8

7.00x105

1.44x10-6

-

90

10

1.92x102

5.77x10-3

-

88

12

1.44x102

7.58x10-3

-

94

6

-

-

Nonconductive

92

8

1.11x103

1.01x10-3

-

90

10

8.92x101

3.52x10-2

-

88

12

-

-

Poor
Printability

CCB

*

Note

In case of TPU/G composites, the TPU/G composites were not conductive in spite of high composition of
graphite (over 50wt%).
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Binary Particle Distribution System
The binary particle distribution system was also invented with two different shapes of
carbon particles to improve the conductivity of the composites filaments. The infill rate of the
TPU and plate-like graphite particles was constant to 75wt% and 20wt%, respectively. The rest
portion of composites was filled by linear CNT and spherical CCB particles, respectively.
According to the previous section, in mono mixing system, the graphite had no effect on
providing conductivity to the TPU.
In binary particle mixing system, the composites were conductive in both cases of
TPU/G/CNT (75/20/5) and TPU/G/CCB (75/20/5) composites. By adding 5wt% CNT or 5wt%
CCB, the TPU75/G20 composite exhibited the conductive feature even though the loading
amount of each carbon filler was lower than its percolation threshold value in the mono particle
distribution system (see Table 3.3). It is assumed that added CNT and CCB particles increase the
probability of connection between each separated graphite particles. A similar explanation was
found from research articles. According to the literature, it is noted that the well-dispersed CNT
is feasible to reduce the percolation threshold of a polymer matrix blended with graphite infills
by forming continuous paths for flow of electrons between homogenously dispersed graphite
particles [131, 184].
The predicted conductive path building mechanism of carbon fillers in the TPU matrix by
the binary particle distribution system is depicted in Illustration 3.3(b). The optimum
composition of the materials was not obtained in this study; however it is implies that producing
of the composites having better conductivity is possible via the binary or tertiary particle
distribution system.
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Illustration 3.3: Conductive Path Construction Mechanism of TPU/C Composites [213]
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Table 3.3: Volume Resistivity and Conductivity of TPU/CNT and TPU/CCB Composites in
Binary Particle Distribution System [213]
Conductive
Filler

Composition (wt%)

Volume Resistivity
(Ω-cm)

Conductivity
(S/cm)

TPU

G

Carbon
Filler

CNT

75

20

5

4.11x102

2.57x10-3

CCB

75

20

5

1.54x102

6.69x10-3

107

3.4

SHORE HARDNESS
TPU is a type of thermoplastic elastomer (TPE), so TPU/C composites exhibit flexible

and elastic features. It is known that the Shore hardness test method is appropriate for testing the
hardness of materials such as rubbers or rubber-like polymers. For this reason, the hardness of
test specimens which are made up of TPU/C composite filaments were measured by the Shore
hardness test.

3.4.1

Preparation and Measurement of Test Specimens
The original design of the specimen was created by SolidWorks, a type of CAD software,

based on “ASTM D2240-05 Standard Test Method for Rubber Property–Durometer Hardness.”
The dimensions of test sample was 15ⅹ15ⅹ6 mm3 (Figure 3.11). Lastly, the samples were
printed by FDM with 100% fill density. Detailed printing conditions are listed in Table 3.4.

Table 3.4: Printing Parameters for Hardness Test Samples
Nozzle
Diameter
(mm)

Shell
Thickness
(mm)

Printing
Speed
(mm/sec)

Layer
Thickness
(mm)

Fill
Density
(%)

Printing
Temperature
(oC)

1.0

2.0

5

0.2

100

230 (±5)

A digital Shore hardness tester including Type A (flat cone shaped indenter) indenter was
used for the measurement of hardness of TPU/C composites. Figure 3.12 illustrates the size and
configuration of Type A indenter.
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Figure 3.11: Dimensions of Shore Hardness Test Specimen [213]
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Figure 3.12: Configuration of Type A Indenter for Shore Hardness Test [213]
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3.4.2

Shore Hardness of Carbon/TPU Composites
Referring to Figure 3.13, the Shore hardness of TPU decreased at certain points where

small amount of carbon fillers added. The decrease could be induced by many possible reasons
including lower interfacial bonding between carbon particles and TPU matrix. Similar aspects
are reported in a research articles [185]. However, the decrease in hardness was slightly turned
around with increased CNT and graphite particles. When more than 10wt% of CNT was filled to
TPU, the hardness of TPU/CNT composites increased. In case of TPU/G composites, the
hardness started to increase with use of 15wt% graphite.
However, unlike TPU/CNT and TPU/G composites, the hardness of TPU/CCB
composites dramatically descended. The reason was found from the characteristic of CCB
particles. According to their manufacturer, the CCB is hollow spherical particle consisting of
80% void at inside and 20% shell at outside in volume fraction. It is believed that the voids of
CCB resulted in decrease in hardness of the TPU/CCB composites. The hardness change of
TPU/C composites by increasing in carbon filler infill is shown in Table 3.5.
It is hard to mix CNT or CCB into TPU for its high composition (> 12wt%) without any
use of surfactants or dispersion agents due to the particle’s low apparent density. Conversely, the
graphite could be loaded into the TPU matrix until up to 30wt% because the graphite has higher
apparent density and larger particle size comparing with in cases of CNT and CCB.
As seen in Figure 3.13, it is identified that CNT is more effective than the other
conductive fillers to improve the hardness of TPU. When the amount of carbon filler was kept
constant in 10wt%, the TPU/CNT composite had the highest Shore hardness value, 91.6 HA,
while the hardness of TPU/CCB and TPU/G composites were 67.3 HA and 86.4 HA,
respectively.
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Table 3.5: Shore Hardness of TPU/C Composites
Conductive
Filler

Composition (wt%)
TPU Matrix

Carbon Filler

Shore Hardness
(HA)

None

100

0

91.1

92

8

87.7

90

10

91.6

88

12

92.3

94

6

83.9

92

8

80.7

90

10

67.3

90

10

86.4

86

14

89.8

82

18

90.4

70

30

93.4

Carbon
Nanotubes

Conductive
Carbon Black

Graphite
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Figure 3.13: Effect of Carbon Particles on Shore Hardness of Carbon/TPU Composites [213]
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Young’s moduli of the TPU/C composites were computed from the Equation 21.
According to Gent [186] and Mix and Giacomin [187], a linear relation between the ASTM
D2240 hardness (Shore hardness) and the Young’s modulus for elastomers was derived by the
following equation,

𝐄=

𝟎. 𝟎𝟗𝟖𝟏(𝟓𝟔 + 𝟕. 𝟔𝟐𝟑𝟑𝟑𝟔𝑺)
𝟎. 𝟏𝟑𝟕𝟓𝟎𝟓 (𝟐𝟓𝟒 − 𝟐. 𝟓𝟒𝑺)

⋯ (𝟐𝟏)

where E is the Young’s modulus in MPa and S is the ASTM D2240 type A hardness
which is called to Shore A hardness. An important thing is this equation can provide more
precise value when S is bigger than 40.

The stiffness of materials is closely dependent to Young’s modulus values. The obtained
Young’s moduli of composites are described in Figure 3.14. The fact that the rapid change in
hardness and stiffness occurs when the loading of carbon fillers is exceeded their percolation
threshold was observed. The stiffness of composites increased with higher content of CNT and
graphite while that of the TPU/CCB composite gradually decreased as the CCB particle
increased due to its inner void. It can be concluded that the content and type of carbon filler
should be adequately designed according to the intended purpose of 3D printed structures.
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Figure 3.14: Young’s Moduli of Carbon/TPU Composites [213]
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3.5

TENSILE STRENGTH

3.5.1

Sample Preparation and Tensile Strength Test
The effect of additives in TPU polymer on tensile strength of composite filaments are

observed by the tensile test method based on “ASTM D638-10 Standard Test Method for Tensile
Properties of Plastics.” Tensile specimens of Type IV were prepared by FDM printing process.
Printing parameters determined for the test sample fabrication are listed in Table 3.6 in detail. A
FDM printer, NP-Mendel with the enlarged nozzles, was used as the 3D printer in this study. The
tensile specimens before tensile test are shown in Figure 3.15. Dual column testing system with
extensometer (Instron 5969, Illinois Tool Works Inc.) was utilized for the testing, and the speed
of test was kept constant at 50 mm/min.

Table 3.6: Printing Parameters for TPU/C Composite Tensile Test Specimens
Nozzle
Diameter
(mm)

Shell
Thickness
(mm)

Printing
Speed
(mm/sec)

Layer
Thickness
(mm)

Fill
Density
(%)

Flow of
Filament1
(%)

Printing
Temperature
(oC)

1.0

2.0

5

0.2

100

150

230 (±5)

1

Flow of Filament controls the amount of material extruded.
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Figure 3.15: Tensile Specimens (Type IV) Before Tensile Test
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3.5.2

Tensile Strength of Carbon/TPU Composites
The tensile strength test have been took place to confirm the fracture mechanism of the

TPU/CNT composites materials. All the tensile samples made up of TPU/C composite filaments
exhibit a representation fracture feature of elastomers, which a stable neck under the tensile load
(see Figure 3.16). This result can be explained by referring to the fracture mechanism of
elastomers. In case of elastomers, amorphous chains of an elastomer are kinked and heavily
cross-linked before applying the tensile load. The cross-linked chains are stretched but still
maintained without a rupture before approaching the fracture strength. Thus, the stable necks are
observed in deformation of elastomers under the tensile load [188]. Finally, the cross linkages of
polymer chains are broke when the stress is exceeding an elastomer’s fracture strength. The fact
that the maximum stress at fracture of the all samples is equal to their ultimate tensile strength
(UTS) is observed from the stress-strain graph depicted in Figure 3.17.
The TPU without carbon fillers showed 40.03 MPa of ultimate tensile strength (UTS) and
1,940% elongation at fracture. Both tensile stress and strain were rapidly decreased with loading
of carbon fillers as shown in Figure 3.17. This means that the tensile strength of TPU is
sensitively affected by the addition of carbon particles. Similar UTS values were attained in
TPU/CNT (24.2 MPa) and TPU/G (26.2 MPa) composites, whereas the maximum elongation at
fracture of TPU/CNT (970%) was approximately the half of that of TPU/G (1,565%). The
significant decrease in tensile stress and strain existed in the TPU/CCB composite. The
TPU/CCB revealed the tensile stress of 4.7 MPa and the elongation of 60.2% at fracture.
The stiffness changes of the composites are also shown in Figure 3.17. The slope of the
curves in elastic deformation region was diversified by a sort of carbon fillers, followed by
TPU/CCB, TPU/CNT, TPU/G, and TPU. That is, the TPU/CCB was the most rigid than the
others and the TPU was the most ductile in contrast to the others.
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Figure 3.16: Tensile Specimens (Type IV) After Tensile Test [213]
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Figure 3.17: Tensile Properties of 3D Printed Carbon/TPU Composite Objects [213]
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3.6

FRACTOGRAPHY OF TENSILE SPECIMENS
The cross-sectional area of fractured tensile specimens were microscopically analyzed

with a help of a scanning electron microscope (TM-1000, Hitachi) and the micrographs of the
samples are shown in Figure 3.18 through 3.21. The cleavage planes and facet fracture surface
were observed in TPU, whereas the evidences of ductile fracture such as microvoids and rough,
irregular, fibrous surface existed in the TPU/C composite specimens. These characteristics imply
that carbon fillers in TPU weakened the force for cross-linking between co-polymer segments of
TPU because new weaker bonds were created between co-polymers and carbon fillers instead of
the initial stronger crosslink between amorphous chains of TPU. As assumed in Illustration 3.3,
the fact that the graphite particles were aligned horizontally in the matrix is observed. The
fibrous fracture surface of TPU/G composite in Figure 3.21 is an evidence to support the
assumption.
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Figure 3.18: Fracture Surface of 3D Printed TPU Tensile Specimen [213]

Figure 3.19: Fracture Surface of 3D Printed TPU90/CNT10 Tensile Specimen [213]
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Figure 3.20: Fracture Surface of 3D Printed TPU90/CCB10 Tensile Specimen [213]

Figure 3.21: Fracture Surface of 3D Printed TPU90/G10 Tensile Specimen [213]
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3.7

ELECTRICAL APPLICATION OF CARBON/TPU COMPOSITES
As the results of this study, it is confirmed that the TPU/CNT filament is more suitable

than other composite filaments to maintain the printability and mechanical properties. Hence,
flexible and conductive 3D structures were printed using the TPU/CNT composite filament and a
modified FDM printer. The possibility of TPU/C composites to be applied for flexible 3D
printed electronics is identified by the 3D objects built in this study (Figures 3.22, 3.23, and
3.24). Figure 3.24 shows a simple circuit that works well even it is bent. Although it is obvious
that the conductivity should be improved for more complicated devices, there is no doubt that
TPU/C composites can be widely used as a new material that can simplify the printing process
for fully 3D printed flexible electronics.
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Figure 3.22: Application of CNT/TPU Composites for a 3D Printed Electronic Device (PNE
Logo with LED) [213]
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Figure 3.23: Electronics Application of Conductive Composite Filament (Joystick with
MakeyMakey Circuit Board) [213]
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Figure 3.24: Prototype of Flexible Circuit Made Up of TPU/CNT Composite Filament [213]
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3.8

CONCLUSION
In this chapter, TPU/C composite filaments were produced in a simple way with an aim

of constructing the 3D printed flexible electronics as a single part. The resistivity of TPU/Carbon
composites was measured to evaluate their feasibility for electronic application and to figure out
the mechanism of electron transfer in TPU/C composites. Through the experiments, it is verified
that graphite did not form the conductive paths in the TPU matrix in mono particle distribution
system while conductive paths were constructed in TPU/G composite by mixing with CNT or
CCB, that is, in binary particle distribution system. In comparison, it was identified that in mono
particle distribution system, the CNT and CCB fillers are effective to build conduction paths
within the composite filaments because of their size and shape. It is also confirmed that the
percolation threshold of CNT and CCB is in range of 8-10wt% and the CCB plays an important
role in improvement of conductivity, whereas it significantly lowered the hardness and tensile
strength of TPU.
Hardness, tensile strength, and printability of the TPU/C composites were also compared
to figure out which composite filament is more appropriate to print a part having outstanding
resistance of mechanical stresses. Consequently, the TPU/CNT composite was the most stable
and proper in terms of printability, resistivity (1.44x102 Ω-cm), Shore hardness (87.7 HA - 92.3
HA), and tensile strength (UTS of 22.9 MPa and 970% elongation).
Some prototype structures were constructed with a modified FDM printer containing dual
extruders, enlarged nozzle (0.8-1.0 mm in diameter), and a modified part for feeding of a flexible
filament. In conclusion, the TPU/C composite materials can offer to a new and simple way to
produce a flexible 3D printed electronic device as a single structure. Further, the obtained
fundamental knowledge about carbon/polymer composites can be widely applied to strengthen
the basis for development and modification of three-dimensionally printable materials.
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Chapter 4: Study of Printing Parameters for Fused Deposition Modeling
4.1

INTRODUCTION
Comparing to traditional manufacturing processes such as injection molding and milling,

the most conspicuous advantage of 3D printing is that anisotropic manufacturing is available
because a great deal of printing parameters can be determined as end-users wanted. The printing
parameters are responsible for the quality and mechanical property of final products. This
implies that we can regulate and establish the processes to control the characteristics of products.
This is a reason why a lot of researchers have tried to obtain the relationship between printing
parameters and properties of 3D printed objects. It is documented that the properties of final 3D
objects produced by the FDM are sensitive to a variety of printing parameters. Some crucial
FDM printing factors that affect mechanical or physical property of a product are listed below:



Raster angle (direction of beads of a material)



Orientation (build direction of a part)



Raster width



Air gap (or layer thickness; the distance between each layer of printed material)

According to literatures, those factors significantly affect the mechanical properties of 3D
printed objects, such as tensile, compressive, and flexural strengths [52, 189-200]. Therefore, it
is important to establish the optimum printing parameters and to understand the effects of
printing parameters on mechanical properties of final products.
Fundamental studies about the printing parameters of FDM were conducted in this
chapter. It is expected that tensile strength of 3D printed polymers is sensitively affected by fill
density and printing temperature. Thus, the effects of printing parameters on tensile strength of
thermoplastic polymers (ABS or PLA) are observed and discussed in terms of fill density and
printing temperature.
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4.2

EFFECT OF FILL DENSITY
Fill density is a printing parameter that determines how densely filled the insides of the

3D objects, i.e, this factor affects the quantity of materials required to complete FDM printing
process. This means the fill density is closely related to the total printing time and mechanical
strength of final products; hence, the fill density should be determined adequately to improve the
efficiency of the 3D manufacturing using the FDM process during a step where a CAD model is
transferred to the G-Code format which designates the whole direction of motion of the printing
nozzle and detailed printing parameters. Generally, for a solid part, the value of fill density
should be set to 100%, and for an empty part 0% fill density is required. In this section, influence
of the fill density on tensile strength of the 3D printed test specimens was studied with an aim of
providing fundamental data for establishing the optimum parameters for FDM printing.

4.2.1

Sample Preparation
To observe the ability of resistant to tensile load of thermoplastic polymers as a function

of the fill density, specimens for tensile testing were fabricated by FDM with different fill
densities. ASTM D638-10 Type IV specimens were produced. ABS and PLA, a type of
thermoplastic polymers that is the most typically used in FDM process, were utilized as the
printing materials. Most of printing parameters were fixed in constant as seen in Table 4.1. Only
the difference was fill density, and it was adjusted in range from 20% to 80% with 20%
increment. Then, a tensile test was performed with 50 mm/min test speed by a tensile strength
tester (Micro Tester 5548; Instron). Figure 4.1 indicates the paths of 3D printing, having
different fill densities.
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Table 4.1: Printing Parameters for Tensile Specimens
Nozzle Size
(mm)

Shell Thickness
(mm)

Printing Speed
(mm/sec)

Layer Height
(mm)

Printing Temperature
(oC)

0.4

0.8

55

0.2

240

*

Fill Density was varied to 20%, 40%, 60%, and 80%, respectively.
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Figure 4.1: G-code Paths with Various Fill Densities
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4.2.2

Tensile Strength

Acrylonitrile Butadiene Styrene; ABS
Figure 4.2 allows us to understand the relationship between the fill density and tensile
strength of ABS. The ultimate tensile strength, UTS, of the specimens consistently increased
with the fill density as expected. It is concluded that the interface area where rasters of ABS are
touched each other should be enough to improve the mechanical strength of 3D printed objects
by FDM.
As seen in Figure 4.2 and Table 4.2, the tensile stress and strain of ABS at rupture
consistently increased with the fill density. The UTS is raised from 27.75 MPa to 33.63 MPa and
the elongation rate at break also increased to 5.02%, 5.22%, 6.76%, and 5.60% when the values
of fill density were varied to 20% to 80% with 20% increment, respectively. The reason why the
maximum tensile strain is observed at 60% fill density is discussed in the next section. These
increased tensile strengths are caused by the increased interface area between ABS rasters
resulted by increased fill density. In other words, the adhesion energy between ABS rasters
increased by broadened interface areas induced improvement of the tensile strength of the 3D
printed ABS specimens.

Table 4.2: Tensile Properties of ABS as a Function of Fill Density [100]
Fill Density
(%)

Tensile Stress @ Break
(MPa)

Tensile Strain @ Break
(%)

Modulus
(MPa)

20

27.75

5.02

671.81

40

28.48

5.22

672.02

60

30.11

6.76

728.73

80

33.63

5.60

734.23
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Figure 4.2: Stress-Strain Curve of ABS Specimens with Various Fill Densities [100]
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Poly(Lactic Acid); PLA
The aspect of tensile strength changes of PLA with different values of fill density was
fairly similar with the case of ABS. The stress-strain curves of PLA as a function of the fill
density is shown in Figure 4.3. The ability of resistance to fracture by applied tensile load of 3D
printed PLA was gradually improved as increasing in the fill density. When the fill density
ranged from 20% to 80%, the UTS of PLA was elevated from 41.44 MPa to 55.09 MPa,
respectively (see Table 4.3).
The maximum tensile strain at rupture of PLA exhibited the same aspects in contrast to
the case of ABS. The highest tensile strain, 7.19% elongation, was observed by the PLA
specimens with 60% fill density. It is concluded that the increased adhesion force between the
rasters and the layers of materials makes the materials tougher whereas the increased adhesion
force results in decrease in ductility of materials with 80% fill density comparing to a specimen
with 60% fill density. Consequently, this means that the fill density might be the most effective
factor for the FDM process because the ductility of the 3D printed objects can be controlled by
adjusting the fill density of the 3D objects.

Table 4.3: Tensile Properties of PLA as a Function of Fill Density [100]
Fill Density
(%)

Tensile Stress @ Break
(MPa)

Tensile Strain @ Break
(%)

Modulus
(MPa)

20

41.44

5.15

767.99

40

45.22

5.66

960.22

60

48.76

7.19

814.08

80

57.09

6.42

1040.49
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Figure 4.3: Stress-Strain Curve of PLA Specimens with Various Fill Densities [100]
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4.3

EFFECT OF PRINTING TEMPERATURE
The printing temperature is one the most crucial factors that affects the quality and

mechanical strength of 3D printed objects. According to the printing temperature, the amount of
extruded thermoplastic polymers during FDM printing is diversified because the viscosity of the
thermoplastics in a nozzle of 3D printers is dependent of printing temperature. The quantity of
extruded materials may affect the adhesion force between rasters of a material. It is assumed that
the mechanical properties of 3D printed objects depend on the adhesion energy between rasters
and layers of a material. In this section, the effect of printing temperature on tensile properties of
3D printed specimens was proved by an empirical way.

4.3.1

Experimental Procedure
In order to determine the range of printing temperature, the melting temperature (Tm) of

ABS was found by a differential scanning calorimetric analysis using a DSC8000 (Perkin
Elmer). The scanning rate was constant at 10℃/min, and the range of analysis temperature was
set up from 50 to 250℃. As shown in Figure 4.4, the endo thermic peak was observed at 217℃,
i.e. the ABS starts melting at this temperature.
All the samples were produced with fixed printing parameters, except printing
temperature as listed in Table 4.4. The printing temperatures were varied to 190, 200, 210, and
220℃, respectively.

Table 4.4: Printing Parameters for Tensile Specimens
Nozzle Size
(mm)

Shell Thickness
(mm)

Printing Speed
(mm/sec)

Layer Height
(mm)

Fill Density
(%)

1.0

2.0

55

0.2

80

*

Printing Temperature was varied to 190, 200, 210, and 220℃, respectively.
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Figure 4.4: DSC Analysis Result of ABS (Scan Speed: 10℃/min) [100]
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4.3.2

Results and Discussion

Tensile Properties of ABS as Change in Printing Temperature
ABS tensile specimens were printed at various printing temperatures and were tested in
order to observe the effect of printing temperature on tensile strength of 3D printed ABS. The
stress-strain curve in Figure 4.5 exhibits the values of UTS are very similar to that of tensile
stress at break, i.e. the evidence of plastic deformation is not observed. This fact implies that
cracks quickly propagated so the plastic deformation of ABS did not occur. This type of fracture
frequently took place in brittle materials.
As seen in Table 4.5, the tensile stress, which is required to deform the 3D structures,
varied from 25.38 MPa to 52.70 MPa when printing temperatures are in range of 190℃ to
220℃. Likewise, the elongation rate at break of ABS also increased with a rise in printing
temperature – an increase of roughly 48%. The maximum elongation rate at break was varied
from 3.72% to 7.68% with increased printing temperature, respectively. It is theorized that the
adhesion force between printed rasters and layers at higher temperatures is larger than at lower
temperatures, resulting in increasing tensile stress and strain of the 3D printed structures.

Table 4.5: Tensile Properties of ABS as a Function of Printing Temperature [100]
Printing
Temp. (℃)

Tensile Stress @ Break
(MPa)

Tensile Strain @ Break
(%)

Modulus
(MPa)

190

25.38

3.72

768.7

200

49.61

6.82

858.0

210

50.26

7.05

865.6

220

52.70

7.68

838.9
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Figure 4.5: Tensile Properties of 3D Printed ABS at Different Extruding Temperatures [100]
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4.4

VISCOSITY OF ABS AT VARIOUS TEMPERATURES
In some 3D printing technologies using a way of dispensing or extruding, it is important

to set printing parameters up adequately as depends on the amount of dispensing materials. If the
dispensing of a material is not enough, vacant areas can be created in a final product. These
voids or pores can become a cause to decline in mechanical properties of the final products. This
fact is already improved by fractography of metal/polymer composite tensile specimens in
Chapter 2. Conversely, if a material is excessively dispensed, keeping a shape of 3D structure
might be hard or deterioration of final products might occur.
A large number of printing factors that influence on quality of 3D objects exist, and most
of factors are closely related to the dispensing amount of a material. As changing in layer
thickness, fill density, nozzle size, and printing speed, the amount of materials that required to
construct a layer varied. This diminishing of a material affects coherence between layers of
materials and it results in a property change of products.
In FDM using extruding of melted materials, printing temperature is a salient factor that
affects output of materials directly during the printing. According to Hagen-Poiseuille equations,
the extruding rate of a material is differentiated by the viscosity change of a material. This means
that the viscosity change of a material as temperature control can affect the final quality of
products.
For this reason, the viscosity change of ABS as changing in printing temperature was
observed, and the effect of viscosity on tensile strength is discussed in this section.

4.4.1

Calculation of Viscosity of ABS
The Hagen-Poiseuille equation indicates a physical law that related to the pressure drop

in an incompressible and Newtonian fluid in laminar flow through a long cylindrical pipe of
constant cross section. The equation is notated as [201, 202]
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∆𝑷 =

𝟖𝝁𝑳𝑸
𝝅𝒓𝟒

⋯ (𝟐𝟐)

or
∆𝑷 =

𝟏𝟐𝟖𝝁𝑳𝑸
𝝅𝒅𝟒

⋯ (𝟐𝟑)

where ΔP is the pressure difference between the two ends (kgf/cm2), μ is the dynamic
fluid viscosity (cP), L is the length of the tube (m), Q is the volumetric flow rate (m3/s), r is the
internal radius of the tube (m), and d is the diameter of the tube (m).
This equation is valid only when the fluid is incompressible and Newtonian, the flow is
laminar, and length of a pipe is substantially longer than its diameter. It is assumed that a
thermoplastic polymer located in a nozzle of a FDM printer at near its melting temperature (Tm)
or glass transition temperature (Tg) behaves like a Newtonian fluid, i.e. a highly viscous fluid.
The flow of high-viscosity pastes or fluids in a pipe is typically laminar. Therefore, the equation
is effective to calculate the viscosity of ABS at temperatures in range of 190-220℃.
The viscosity of ABS at different temperatures was obtained by an experimental way
using a filament extruder. First, the pressure difference, ΔP, was found by measuring the
volumetric flow rate of a material that has the viscosity range of 3,713,000–3,810,000 centipoise
(cP). The volumetric flow rates of ABS in 190℃, 200℃, 210℃ and 220℃ were then measured
respectively. The values necessary for the calculation are listed in Table 4.6. The attained values
were substituted in the following equation to get the viscosity of ABS at various temperatures.

𝝁=

𝝅𝒓𝟒 ∆𝑷
𝟖𝑳𝑸

⋯ (𝟐𝟒)
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Table 4.6: Dimensions of Nozzle and Pressure Change [100]
Diameter of Nozzle, d
(mm)

Length of Nozzle, L
(mm)

1.75
(1.75x10-3 m)

21
(2.1x10-2 m)
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Pressure Drop, ΔP
(kgf/cm2)
6.66 - 6.83

4.4.2

Volumetric Flow Rate and Viscosity of ABS
Table 4.7 summarized the volumetric flow rate of ABS as a function of temperature. The

volumetric flow rate increased from 1.82 x 10-9 m3/s to 3.47 x 10-9 m3/s over the temperature
range shown in Table 4.7 and Figure 4.6. The viscosity of ABS decreased from 3,980,000 cP to
1,630,000 cP when extrusion temperature increased from 190℃ to 220℃ (see Figure 4.7).
The tensile strength of the 3D printed ABS can be explained in terms of its viscosity
according to print temperatures. As the result of study, it is observed that the tensile strength of
ABS printed with FDM decreased by increasing the viscosity of ABS, especially since the flow
of ABS during extruding process was lowered due to its low viscosity in low print temperature
(Figure 4.8). It results in weak adhesion between the printed layers and beads (or rasters) of
ABS. In conclusion, the viscosity of materials during FDM printing is as important as other
printing parameters that affect the mechanical properties of 3D printed products such as fill
density, printing temperature, raster angle, printing direction, and so on.
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Table 4.7: The Volumetric Flow Rate and Viscosity of ABS at Various Temperatures [100]
Temperature
(℃)

Volumetric Flow Rate, Q
(m3/s)

Viscosity, μ
(cP)

190

1.82ⅹ10-9

3,980,000

200

2.38ⅹ10-9

3,050,000

210

2.94ⅹ10-9

2,460,000

220

3.47ⅹ10-9

2,090,000
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Figure 4.6: Volumetric Flow Rate of ABS as Changing in Temperature [100]
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Figure 4.7: Viscosity (μ) of ABS at Different Temperatures [100]
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Figure 4.8: Stress-Strain Curve of ABS as a Function of Viscosity [100]
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4.5

CONCLUSION
Fill density and printing temperature effects on mechanical strength of thermoplastic

polymers were discussed in terms of tensile strength. Both factors had something in common in
that they affect the final amount of extruded material for 3D objects. The tensile strength of ABS
is closely related to the adhesion between printed layers and extruded rasters, and the cohesive
force of printed materials is correspond to the amount of extruded ABS through the nozzle. In
other words, the printing temperature and fill density are critical parameters to influence the
mechanical strength of the final 3D products. This is proved by the tensile test of 3D objects
constructed by FDM. Both the tensile stress and strain at fracture gradually increased by rising in
both fill density and printing temperature.
The viscosity of ABS at a printing nozzle in various printing temperatures were found,
and it is confirmed that a decrease in temperature rose the viscosity of ABS. The volumetric flow
rate of ABS is dependent of its viscosity. As increasing in viscosity, the volumetric flow rate
decreased. These facts can explain the reason why the tensile strength of ABS decreased with
descent of printing temperature. The dispensing quantity of ABS during FDM printing was
lowered due to its increased viscosity by decrease in printing temperature. The decreased
dispensing amount weakened the adhesion force between printed rasters and layers, eventually,
decreases in tensile strength were observed.
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Chapter 5: Multi-Material FDM Printing
5.1

INTRODUCTION
Integrating the various printing techniques in a machine is essential to build the fully 3D

printed objects for various purposes. For this reason, many integrated 3D printers have been
developed. Typically, the micro-dispensing and FDM technologies are merged for printing of
electronic components embedded 3D structures. Voxel8 has developed a hybrid printer including
FDM printing and pneumatic micro-dispensing technologies (see Figure 5.1). To construct
electrical connection, the company provided silver inks, hence the separated curing process of
the inks are necessary [204]. Another company, nScrypt, Inc., has developed the “nFD with
Smart Pump and Pick n Place” process for the fully 3D printed electronics [205], shown in
Figure 5.2. The principle of the both systems are similar with each other in that the processes are
using thermoplastic polymers for building structures and silver inks for electrical
interconnections. Further, the process for post-treatment of the silver inks, such as the curing,
heat sintering, and laser sintering, is unavoidable. A distinguished difference between both
machines is the Pick n Place system that makes possible for auto embedding of electronic
components. As mentioned above, the techniques require the silver ink and its post-treatment
process resulting in price rise of the machine and complex process, i.e. it might be difficult to use
that machines with general purposes.
Thus, in this chapter, a FDM printer is modified to print two different materials, a
conductive particle-filled TPU and a thermoplastic polymer, at one time with the aim of
manufacturing of flexible and conductive 3D structures via only FDM technique for electronic
applications. Many commercial FDM printers consisting more than two nozzles are already
developed, but the machines had some problems with printing and feeding of flexible, particlefilled filaments. To overcome these limitations, a FDM printer aiming the simple and easy
manufacturing of prototype flexible electronics was remodeled and the performance of the
printer were identified by printing of 3D objects for the pragmatic application.

150

Figure 5.1: Voxel8 Hybrid 3D Printer (FDM + Pneumatic Dispensing)
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Figure 5.2: Integrated 3D Printer of nScrypt (nFD with Smart Pump and Pick n Place)
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5.2

CONSTRUCTION OF DUAL NOZZLE FDM PRINTER
A FDM printer consisting of a dual extruding nozzle was remodeled from a commercial

FDM printer, NP-Mendel from Opencreators, in order to print the flexible and conductive
composite structures by a multi-material printing process with an aim of constructing to fully 3D
printed electronics. Six step motors having 1.8 degrees step angle, two MXL timing belts having
2.032 mm pitch size, two sets of full-ball type linear motion (LM) guides, and four pulleys
having 15 teeth were utilized in order to manipulate the motion of X and Y axis and dual
extruding nozzles. Unlike the X and Y axis, the motion of Z axis is controlled by two threaded
rods of 10 mm in diameter. The threaded rods connected to step motors vertically moves a Z axis
with 1.5 mm pitch size.
Arduino MEGA 2560 and RAMPS 1.4 (RepRap Arduino MEGA Pololu Shield) were
used as the mother boards to control the framework of the 3D printer (Figure 5.3). All the
components were electronically connected to the RAMPS 1.4 based on its pin map, depicted in
Figure 5.4. The temperature of the nozzles located in the end of the extruders and that of the
build platform were monitored by the negative temperature coefficient (NTC) 100K thermistors.
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Figure 5.3: Mother Boards for Dual Nozzle FDM Printer. (a) Arduino MEGA 2560 and (b)
RAMPS 1.4
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Figure 5.4: Pin Map of RAMPS 1.4 for Dual-Extrusion System
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5.3

STEP MOTOR CONTROL FOR FDM PRINTER
The detail configurations of the parts indicated in the previous section were used to seek

the values of axis step per unit (ASPU) which is the number of steps required for 1mm
movement of X/Y/Z axis and extruders. For precise motion of a 3D printer, the motors must be
controlled deliberately. The values of ASPU are directly related to the manipulation of step
motors and can be calculated by the following equations.

The motion of the X and Y axis are controlled by pulleys, timing belts, and LM guides,
therefore the values of ASPU for X and Y axis are

𝑨𝑺𝑷𝑼𝑿 = 𝑨𝑺𝑷𝑼𝒀 =

𝟑𝟔𝟎°
𝑫𝑺𝑨 × 𝑵𝑴𝑺 × 𝑷𝑻𝑩 × 𝑵𝑷𝑻

⋯ (𝟐𝟓)

where ASPUX is the axis step per unit of X axis, ASPUY is the axis step per unit of Y axis,
DSA is the degrees of the step angle of a step motor, NMS is the number of the micro step of a step
motor, PTB is the pitch size of a timing belt in mm, and NPT is the number of teeth of a pulley.

The ASPU for the motion of Z axis which is operated by a rotary motion of thread rods
can be found from the following equation,
𝟑𝟔𝟎°
𝑨𝑺𝑷𝑼𝒁 =
𝑫𝑺𝑨 × 𝑵𝑴𝑺 × 𝑷𝑻𝑹

⋯ (𝟐𝟔)

where ASPUZ is the axis step per unit of Z axis and PTR is the pitch size of a thread rod in
mm.

The value of ASPU for the motion of the extruders manipulated by a rotary motion of
pulleys can be calculated by
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𝟑𝟔𝟎°
𝑨𝑺𝑷𝑼𝑬 =
𝑫𝑺𝑨 × 𝑵𝑴𝑺 × 𝟐𝝅𝒓

⋯ (𝟐𝟕)

where ASPUE is the axis step per unit of an extruder and r is the radius of a pulley in mm.

In this study, micro step of 1/16 was used for all of the step motors and pulleys with
7.71mm in diameter were used for the dual extruders. Finally, the values for axis step per unit
(X, Y, Z, E) were obtained to 104.9868766, 104.9868766, 2133.333333 and 132.1130526,
respectively.
Every setting values – type of mother board, number of extruder, axis step per unit for
each step motor, type of thermistor, logic of limit switches, direction of X, Y, and Z axis, micro
step size of motor controller, and so on – were uploaded to the mother boards by the Marlin
Firmware update method through an open-source electronic prototyping platform, Arduino 1.6.5.
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5.4

PERFORMANCE TEST
The 3D objects were designed and fabricated by the modified FDM printer. The

performance of the printer was confirmed through printing of functional 3D objects. As shown in
Figures 5.6 and 5.7, the prototypes of a femur bone with cartilage and a soccer shin guard were
printed using the soft and hard materials. The results imply that the multi-material FDM printing
technique can be practically used in the fields of the bio implants and sports equipment. A
variety of materials were also printed for the performance test of the machine. The specific
information of the printed materials is shown in Figure 5.8.
A more sophisticate 3D object was also printed using the modified FDM printer. An
electronic component embedded Minimalist Arduino UNO was fabricated to obtain a fully 3D
printed flexible electronic device. The pin map and 3D CAD model of the Minimalist Arduino
UNO are depicted in Figures 5.9 and 5.10. The non-conductive body structure and conductive
electric connections were built at one time using the TPU and TPU/CNT composite,
respectively.
The ATMEGA328P-PU microcontroller, CH340G USB serial converter, 16MHz crystal
oscillator, 22pF and 0.1uF capacitors, LED lamp, and 330Ω resistor were used for the
Minimalist Arduino UNO. Figure 5.11 shows electronic component embedded Minimalist
Arduino UNO manufactured by dual-extrusion FDM technique. However, the Minimalist
Arduino UNO was not manipulated due to low conductivity of the conductive composite. From
the result, it is verified that the improvement of conductivity of composites should be achieved to
construct flexible electronics having multifunctional and complex structures. It is assumed that
improving the conductivity of composites can be acquired by controlling various parameter
during synthesizing the composites such as combination, alignment, concentration, size, shape,
and dispersion of conductive fillers.
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Figure 5.6: 3D Model and Prototype of Femur Bone with Cartilage
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Figure 5.7: 3D Model and Prototype of Soccer Shin Guard
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Figure 5.8: Test Samples for Multi-material 3D Print Using Dual-Extrusion System
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Figure 5.9: Pin Map of Minimalist Arduino Uno
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Figure 5.10: CAD Design of Minimalist Arduino Uno
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Figure 5.11: Electronic Component Embedded Minimalist Arduino UNO
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5.5

CONCLUSION
The FDM printer for multi-material printing was remodeled to print particle-filled

flexible composite filaments or two different types of thermoplastic polymers. To overcome the
limitations of commercial FDM printers, the components for feeding and extruding of filaments
were modified. Through the modification, the printer became stable for the multi-material
printing with a purpose of practical use.
Although a sophisticate electronic device, the minimalist Arduino UNO, was not
operated due to low conductivity of the materials, it is forecasted that the machine and process
tested in this study can be usefully applied for the fully 3D printed electronics via FDM in the
near future.
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Summary
A variety of composites, Cu/ABS, Fe/ABS, TPU/CNT, TPU/CCB, TPU/G, TPU/G/CNT,
and TPU/G/CCB, had been fabricated by the mechanical blending to encourage the FDM
technology for the large-scale 3D printing and flexible 3D printed electronics. Thermomechanical and electrical behavior and fracture mechanisms of developed composite materials
were figured out by empirical ways, therefore the effects of filler particles on thermoplastic
polymers were discussed based on the experiment results. In general, the filler particles played
important role in improving the thermal and electrical conductivity of thermoplastic polymers
while mechanical strength was lowered by addition of the filler particles.
To print the particle-filled composite filaments, the modification of a printer was required
because some problems such as clogging of the nozzle and inadequate feeding of the filaments
were observed. The enlarged nozzles and modified filament feeding process were effective to
resolve the problems mentioned above.
Consequently, the prototypes of the flexible electronics and 3D objects consisting two
different materials were produced by the modified FDM printer including dual-extruders. It is
verified that the production of flexible electronics is available by using the conductive composite
filaments and a dual-nozzle FDM printer. Although a material having high electrical
conductivity should be developed for the manufacturing of more complicated electronic devices,
the fact that the FDM printing process with conductive composite materials can provide a new
and simple way to construct the fully 3D printed electronic structures without the use of precious
metal inks and their post-treatment processes.
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Appendix
APPENDIX A. RESISTIVITY AND CONDUCTIVITY
The potential difference between any pair of electrodes is given by

∆𝐕 =

𝑰𝝆𝒗
𝒌𝒅

⋯ (𝟐𝟖)

where I is the current carried by the other electrode pair (A), ρv is the resistivity or the
volume resistivity (ohm∙cm), k is a geometrical correction factor (dimensionless parameter), and
d is the thickness of the sample (cm).
Knowledge of k for a given configuration of electrodes and sample geometry allows us to
determine the sheet resistivity, ρs (ohm/sq) by measuring the potential difference (ΔV) and
Current (I):

𝝆𝒔 =

𝝆𝒗
∆𝑽
=𝒌
𝒅
𝑰

⋯ (𝟐𝟗)

From the Equation 29, the volume resistivity, ρv, can be derived:

𝛒𝒗 = 𝝆𝒔 𝒅

⋯ (𝟑𝟎)

Conductivity, σ, is defined as the inverse of resistivity:

𝛔=

𝟏
𝝆

⋯ (𝟑𝟏)

The conductivity has SI units of S/cm or S/m.
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APPENDIX B. TEMPERATURE DEPENDENCE OF RESISTANCE
In most cases, the electrical resistivity of materials is dependent upon temperature. Linear
approximation can be used to find the resistivity of a material at a specific temperature. If the
temperature T does not change too much, the resistivity of a material at a specific temperature
can be expressed as:

𝝆(𝑻) = 𝝆𝟎 [𝟏 + 𝜶(𝑻 − 𝑻𝟎 )]

⋯ (𝟑𝟐)

where ρ0 indicates the resistivity at temperature T0, α is the temperature coefficient of
resistivity (K-1), and T0 is the room temperature, 293K.

The α is an empirical parameter, which is fitted from experimental data and is different
for different reference temperatures. Thus, the α is specified by the specific temperature and
expressed with a suffix, such as α20. The equation 32 might be inadequate when the temperature
varies over a large temperature range.
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Table A: Resistivity and Temperature Coefficient at 20℃, α20 [206-210]

Material

Resistivity, ρ
(Ω-m)

Temperature
Coefficient, α
per Degree (α/℃)

Conductivity, σ
(S/m)

Silver

1.59ⅹ10-8

0.0038

6.29ⅹ107

Copper

1.68ⅹ10-8

0.00386

5.95ⅹ107

Copper, annealed

1.72ⅹ10-8

0.00393

5.81ⅹ107

Aluminum

2.65ⅹ10-8

0.00429

3.77ⅹ107

Tungsten

5.6ⅹ10-8

0.0045

1.79ⅹ107

Iron

9.71ⅹ10-8

0.00651

1.03ⅹ107

Platinum

10.6ⅹ10-8

0.003927

0.943ⅹ107

Manganin

48.2ⅹ10-8

0.000002

0.207ⅹ107

Lead

22ⅹ10-8

-

0.45ⅹ107

Mercury

98ⅹ10-8

0.0009

0.10ⅹ107

Nichrome
(Ni,Fe,Cr alloy)

100ⅹ10-8

0.0004

0.10ⅹ107

Constantan

49ⅹ10-8

-

0.20ⅹ107

Carbon*
(graphite)

3-60ⅹ10-5

-0.0005

-

Germanium*

1-500ⅹ10-3

-0.05

-

Silicon*

0.1-60

-0.07

-

Glass

1-10000ⅹ109

-

-

Quartz
(fused)

7.5ⅹ1017

-

-

Hard Rubber

1-100ⅹ1013

-

-
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APPENDIX C. TEMPERATURE COEFFICIENT
Positive Temperature Coefficient (PTC)
When the resistance of a material is increased by elevating in temperature, the material is
referred to positive temperature coefficient (PTC). Most metals belong to PTC because the
movement of free electrons is interrupted by thermal motion of metal atoms. It results in a
diminishment of resistance when temperature is elevated.

Negative Temperature Coefficient (NTC)
The electrical resistance of a material belonging to negative temperature coefficient
(NTC) decreased as increasing in temperature. Most ceramics shows NTC behavior, which is
governed by an Arrhenius Equation over a wide range of temperatures:
𝑩

𝐑 = 𝐀 ∙ 𝐞𝑻

⋯ (𝟑𝟑)

where R is the resistance, A and B are the constants, and T is the absolute temperature
(K). When the value of B increases, a material behaves like an insulator because the constant B is
related to the energies required to form and move the charge carriers which are responsible for
electrical conduction. Practical and commercial NTC resistors combine modest resistance with a
value of B that offers good sensitivity to temperature. This is the reason why a large number of
FDM printers adopt the NTC thermistor for their temperature monitoring.

Critical Temperature Coefficient (CTC)
A critical temperature coefficient (CTC) refers to materials that has 0 (zero) value for
temperature coefficient. This means that the resistance of a material is independent of
temperature variation. Manganese (Mn) is a representative element showing CTC behavior.
These types of materials are normally used for the wire wound resistor.
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APPENDIX D. THERMAL EXPANSION OF SOLID
Linear Expansion of Solids
When a long thin rod having length L0, at an initial temperature ti, is heated to a final
temperature tf, the rod expands by a small length ΔL as seen in Figure A. The change in length

ΔL is dependent upon the temperature change, Δt = tf - ti; the initial length of the rod L0; and the
coefficient of linear expansion of the rod, α.

Figure A: Linear Expansion of Solid

Thus,

∆𝑳 = 𝜶𝑳𝟎 ∆𝒕

⋯ (𝟑𝟒)

A more sophisticated approach to linear expansion can be derived from the equation 34 in
the calculus form

𝒅𝑳 = 𝜶𝑳𝒅𝒕

⋯ (𝟑𝟓)

which can be expressed as
𝒅𝑳
= 𝜶𝒅𝒕
𝑳

⋯ (𝟑𝟔)

And then integrated as,
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𝑳

𝒕
𝒅𝑳
∫
= ∫ 𝜶𝒅𝒕
𝑳𝟎 𝑳
𝒕𝟎

⋯ (𝟑𝟕)

where L0 is the initial length of the rod at the temperature t0 and L is the length of the rod
at the temperature t.
The coefficient of thermal expansion α is a constant. Thus,
𝑳

𝒕
𝒅𝑳
= 𝜶 ∫ 𝒅𝒕
𝑳𝟎 𝑳
𝒕𝟎

∫

⋯ (𝟑𝟖)

𝐥𝐧 𝑳 − 𝐥𝐧 𝑳𝟎 = 𝜶(𝒕 − 𝒕𝟎 )

𝐥𝐧

𝑳
= 𝜶(𝒕 − 𝒕𝟎)
𝑳𝟎

𝑳
= 𝒆𝒂(𝒕−𝒕𝟎 )
𝑳𝟎

⋯ (𝟑𝟗)

⋯ (𝟒𝟎)

⋯ (𝟒𝟏)

Therefore, the final length of the rod after expansion is

𝐋 = 𝑳𝟎 𝒆𝜶(𝒕−𝒕𝟎 )

⋯ (𝟒𝟐)
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Area Expansion of Solids
When a rectangle of thin materials of length L1 and width L2, at an initial temperature of
ti, is heated to the final temperature tf, the rectangle of material expands, as shown in Figure B.

Figure B: Area Expansion of Solid

The original area of the rectangle, A, can be written as

𝑨 = 𝑳𝟏 𝑳𝟐

⋯ (𝟒𝟑)

The change in area of the rectangle resulted from a change in temperate is derived by
differentiating the equation 43, that is,
𝒅𝑨
𝒅𝑳𝟐
𝒅𝑳𝟏
= 𝑳𝟏
+ 𝑳𝟐
𝒅𝒕
𝒅𝒕
𝒅𝒕

⋯ (𝟒𝟒)

The both sides of this equation can be divided by equation 43 to get
𝟏 𝒅𝑨
𝑳𝟏 𝒅𝑳𝟐
𝑳𝟐 𝒅𝑳𝟏
=
+
𝑨 𝒅𝒕 𝑳𝟏 𝑳𝟐 𝒅𝒕
𝑳𝟏 𝑳𝟐 𝒅𝒕
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⋯ (𝟒𝟓)

which yields
𝟏 𝒅𝑨
𝟏 𝒅𝑳𝟐 𝟏 𝒅𝑳𝟏
=
+
𝑨 𝒅𝒕 𝑳𝟐 𝒅𝒕
𝑳𝟏 𝒅𝒕

⋯ (𝟒𝟔)

From equation 35,
𝟏 𝒅𝑳𝟐
𝟏 𝒅𝑳𝟏
=𝜶=
𝑳𝟐 𝒅𝒕
𝑳𝟏 𝒅𝒕

⋯ (𝟒𝟕)

Therefore,
𝟏 𝒅𝑨
= 𝜶 + 𝜶 = 𝟐𝜶
𝑨 𝒅𝒕

⋯ (𝟒𝟖)

Finally, the change in area dA of a material as changing in temperature dt is

𝒅𝑨 = 𝟐𝜶𝑨𝒅𝒕

⋯ (𝟒𝟗)

The area expansion of a solid can also be found using the same calculus approach that
used with equation 35.

𝑨 = 𝑨𝟎 𝒆𝟐𝜶(𝒕−𝒕𝟎 )
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⋯ (𝟓𝟎)

Volume Expansion of Solids
If a material having three dimensions, width, length, and height is heated up, all three
dimensions expands. Imagine a solid box of length L1, width L2, and height L3 at an initial
temperature ti. If the temperature is raised to a new temperature tf, each side of the box will
expand, dL. The volume of the solid box is defined as

𝑽 = 𝑳𝟏 𝑳𝟐 𝑳𝟑

⋯ (𝟓𝟏)

The volume change of the box resulted from a change in temperature of the material can
be obtained by differentiating the equation 51 with respect to the temperature t. Therefore,
𝒅𝑽
𝒅𝑳𝟏
𝒅𝑳𝟐
𝒅𝑳𝟑
= 𝑳𝟐 𝑳𝟑
+ 𝑳𝟏 𝑳𝟑
+ 𝑳𝟏 𝑳𝟐
𝒅𝒕
𝒅𝒕
𝒅𝒕
𝒅𝒕

⋯ (𝟓𝟐)

The both sides of this equation can be divided by the equation 51 to obtain
𝟏 𝒅𝑽
𝑳𝟐 𝑳𝟑 𝒅𝑳𝟏
𝑳𝟏 𝑳𝟑 𝒅𝑳𝟐
𝑳𝟏 𝑳𝟐 𝒅𝑳𝟑
=
+
+
𝑽 𝒅𝒕 𝑳𝟏 𝑳𝟐 𝑳𝟑 𝒅𝒕
𝑳𝟏 𝑳𝟐 𝑳𝟑 𝒅𝒕
𝑳𝟏 𝑳𝟐 𝑳𝟑 𝒅𝒕

⋯ (𝟓𝟑)

which yields
𝟏 𝒅𝑽
𝟏 𝒅𝑳𝟏
𝟏 𝒅𝑳𝟐
𝟏 𝒅𝑳𝟑
=
+
+
𝑽 𝒅𝒕 𝑳𝟏 𝒅𝒕
𝑳𝟐 𝒅𝒕
𝑳𝟑 𝒅𝒕

⋯ (𝟓𝟒)

From the equation 35
𝟏 𝒅𝑳𝟏
𝟏 𝒅𝑳𝟐
𝟏 𝒅𝑳𝟑
=
=
=𝜶
𝑳𝟏 𝒅𝒕
𝑳𝟐 𝒅𝒕
𝑳𝟑 𝒅𝒕

Hence,
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⋯ (𝟓𝟓)

𝟏 𝒅𝑽
= 𝜶 + 𝜶 + 𝜶 = 𝟑𝜶
𝑽 𝒅𝒕

⋯ (𝟓𝟔)

Therefore, the change in volume, dV, of a material as changing in temperature, dt, is

𝒅𝑽 = 𝟑𝜶𝑽𝒅𝒕

⋯ (𝟓𝟕)

A new coefficient, called the coefficient of volume expansion β, for solid can be defined
as

𝜷 = 𝟑𝜶

⋯ (𝟓𝟖)

Thus, the volume change of a material caused by a change in temperature is

𝒅𝑽 = 𝜷𝑽𝒅𝒕

⋯ (𝟓𝟗)

When the equation 59 is dealt with finite quantities, it can be written by

∆𝑽 = 𝜷𝑽∆𝒕

⋯ (𝟔𝟎)

This equation is perfectly general and can be applied to any volume of a solid and even
for any volume of a liquid. However, the value of β should be experimentally determined for a
liquid because the α has no meaning for the liquid.
The new volume expansion of a solid can be obtained by using the same calculus
approach, used to get the final length of the material that culminated with the equation 42.
Therefore, the final volume of the material at a temperature, t, is
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𝑽 = 𝑽𝟎 𝒆𝜷(𝒕−𝒕𝟎 )

⋯ (𝟔𝟏)

The final volume can also be defined by summarizing the change in volume ΔV to the
initial volume V0 as

𝑽 = 𝑽𝟎 + ∆𝑽

⋯ (𝟔𝟐)

Table B: Coefficients of Thermal Expansion [211, 212]
Material

Aluminum
Brass
Copper
Gold
Iron
Lead
Platinum
Quartz (fused)
Silver
Steel
Tungsten
Zinc
Glass (ordinary)
Glass (Pyrex)
Ethanol
Water
Mercury
Glass (Pyrex)

Coefficient of Linear
Expansion, α

Coefficient of Volume
Expansion, β

ⅹ10-5/℃
2.4
1.8
1.7

ⅹ10-4/℃

1.4
1.2
3.0
0.9
0.059
1.8
1.3
0.43
2.6
0.9
0.32
11.0
2.1
1.8
0.096

All noncondensing gases
at constant pressure and 0℃

36.6
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APPENDIX E. TYPE OF INDENTERS FOR DUROMETER HARDNESS TEST
The “ASTM D2240-05 Standard Test Method for Rubber Property—Durometer Hardness” authorizes twelve different
durometer (Shore Hardness) scales correspond to relationship between indenter configurations and specific spring forces. The table
below shows details for each of durometer types, with the exception of Type R [106, 203].

Table C: Type of Indenters for Durometer Hardness Test [106, 203]
Durometer
Type

A

B

Configuration

35° truncated cone

30° cone

C

35° truncated cone

D

30° cone

DO

Spring

Extension

1.27 ± 0.12 mm

2.54 ± 0.04 mm

8.06 N

(0.098 ± 0.002 in)

(822 gf)

2.54 ± 0.04 mm

8.06 N

(0.098 ± 0.002 in)

(822 gf)

2.54 ± 0.04 mm

44.48 N

Medium-hard rubber, thermoplastic elastomers,

Above 90 B

(0.098 ± 0.002 in)

(4,536 gf)

medium-hard plastics, and Thermoplastics

Below 20 D

2.54 ± 0.04 mm

44.48 N

Hard rubber, thermoplastic elastomers, harder

(0.098 ± 0.002 in)

(4,536 gf)

plastics, and rigid Thermoplastics

(0.050 ± 0.005 in)

1.27 ± 0.12 mm
(0.050 ± 0.005 in)

1.27 ± 0.12 mm
(0.050 ± 0.005 in)
1.27 ± 0.12 mm
(0.050 ± 0.005 in)

Force

Typical Examples of Materials Tested

Durometer Hardness

Diameter

(Typical Uses)

Soft vulcanized rubber, natural rubber, nitriles,
thermoplastic elastomers, flexible polyacrylics,

20–90 A

and thermosets, wax, felt, and leathers
Moderately hard rubber, thermoplastic
elastomers, paper products, and fibrous
materials

Above 90 A
Below 20 D

Above 90 A

1.20 mm (0.047 in)

2.38 ± 0.08 mm

2.54 ± 0.04 mm

44.48 N

Moderately hard rubber, thermoplastic

Above 90 C

spherical radius

(0.0937 ± 0.004 in)

(0.098 ± 0.002 in)

(4,536 gf)

elastomers, and very dense textile Windings

Below 20 D
(continued)
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Durometer
Type
E

M

O

Spring

Configuration

Diameter

Extension

2.5 mm (0.098 in)

4.50 ± 0.5 mm

2.54 ± 0.04 mm

8.06 N

spherical radius

(0.18 ± 0.02 in)

(0.098 ± 0.002 in)

(822 gf)

0.7874 ± 0.025 mm

1.25 ± 0.02 mm

0.76 N

Thin, irregularly shaped rubber, thermoplastic

(0.031 ± 0.001 in)

(0.049 ± 0.001 in)

(78 gf)

elastomer, and plastic specimens

1.20 mm (0.047 in)

2.38 ± 0.08 mm

2.54 ± 0.04 mm

8.06 N

spherical radius

(0.0937 ± 0.004 in)

(0.098 ± 0.002 in)

(822 gf)

30° cone

Force

Typical Examples of Materials Tested

-

Durometer Hardness
(Typical Uses)
-

20–85 A

Soft rubber, thermoplastic elastomers, very soft
plastics and thermoplastics, medium-density

Below 20 DO

textile windings
Extremely soft rubber, thermoplastic elastomers,

OO

1.20 mm (0.047 in)

2.38 ± 0.08 mm

2.54 ± 0.04 mm

1.11 N

sponge, extremely soft plastics and

spherical radius

(0.0937 ± 0.004 in)

(0.098 ± 0.002 in)

(113 gf)

thermoplastics, foams, low-density textile

Below 20 O

windings, human and animal tissue
11.5 ± 0.13 mm
OOO

6.35 mm (0.250 in)

(0.453 ± 0.05 in)

2.54 ± 0.04 mm

1.11 N

spherical radius

~ 11.8 ± 0.13mm

(0.098 ± 0.002 in)

(113 gf)

5.0 ± 0.04 mm

1.93 N

-

-

-

-

(0.465±0.005 in)
OOO-S

10.7 mm (0.42 in)
radius disk

12.7 mm (0.5 in)

(0.198 ± 0.002 in)

(197 gf)
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